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Chairman: Donald W. Hyndman
The Bearpaw Mountains are the largest eruptive center of the Central 
Montana Alkalic Province. In the Bearpaws, alkalic and subalkalic rocks 
are present in unequal amounts; alkalic rocks comprise about 70 % of the 
total volume, subalkalic rocks about 30 %. Alkalic rocks include 
volcanic and plutonic shonkinite, and minor syenite and pyroxenite 
differentiates. Subalkalic rocks include latite, quartz latite, and 
monzonite. In addition are rocks which have both alkaline and 
subalkaline characteristics; collectively these rocks form a complete 
chemical and mineralogical continuum between shonkinite and quartz 
latite end-members.
Field relations show rocks of the alkalic (shonkinitic) and subalkalic 
(latitic) suites overlap spatially and temporally suggesting coeval 
shonkinite and latite magmatism. These include; mutually crosscutting 
relations, alternating shonkinitic and latitic volcanic flows,
inclusions of shonkinite in latite, inclusions of latite in shonkinite,
and mingling shonkinite and latite.
Compositionally, both in the field and from element chemical analyses, 
there is a complete continuum between shonkinite and latite, indicating 
shonkinite and latite magmas mixed in varying proportions to produce the 
range of intermediate rock types. Variation in major and minor elements 
show linear trends between the shonkinite and quartz latite fields, 
supporting bulk mixing of variable proportions of shonkinite and quartz
latite. The alternate hypothesis, that latite formed through
differentiation of shonkinite, is not supported by the variation 
diagrams: graphical removal of any reasonable proportions of mafic 
minerals from shonkinite produces trends away from and not towards the 
quartz latite field.
The above relations are best explained through a model of magma 
mixing: shonkinite magma, derived by partial melting of the mantle,
mixed with varying amounts of co-existing latite magma. Latite was 
derived by partial to complete melting of crustal rocks.
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INTRODUCTION
The Bearpaw Mountains, the eroded remains of an early Eocene 
volcanic center, are part of the Central Montana Alkalic 
Province originally defined by Pirsson (1905) and later 
detailed by Larsen (1940). The volcanic and less voluminous 
intrusive rocks of the Bearpaw Mountains form an isolated 
mountain group approximately 2500 square kilometers in area 
that lies about 26 km south of Havre, Montana (Figure 1). 
Abundant outcrops are widespread and well graveled roads 
afford easy access to within a few kilometers of all parts of 
the region. Despite this, the rocks of the Bearpaws have 
received relatively little attention. Related subprovinces, 
all characterized by alkalic to subalkalic igneous rocks, 
include the Highwood, Judith, Moccasin, Crazy, Adel, Castle, 
Little Belt, and Little Rocky mountains, the Sweet Grass 
Hills, and Porcupine Butte (Figure 1).
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Figure 1. Map showing the location and ages of the Bearpaw Mountains 
and other central Montana igneous centers. Dotted line shows roads. 
Modified from Hearn (1989a).
PREVIOUS STUDIES
Pirsson and Weed published a series of descriptive papers in 
1896, based on their brief reconnaissance of the Bearpaw 
Mountains. They described the igneous rock types and noted 
the unusual alkalic nature of the rocks and the apparent 
coeval existence of rocks from both the alkalic and subalkalic 
suites. From 1921 to 1923, Reeves mapped the Bearpaw 
Mountains and surrounding plains in an effort to evaluate the 
oil and gas potential of the region. His work culminated in 
a paper published in 1924 in which he discussed the character 
and origin of the structure of the Bearpaw Mountains and the 
surrounding belt of faulted folds. He presented his 
controversial hypothesis of large-scale gravity sliding as a 
mechanism to explain thin-skinned deformation. Larsen (1940) 
published the first comprehensive work addressing the 
mineralogy, chemistry, petrology, origin, and relation of the 
numerous igneous centers comprising the Central Montana 
Alkalic Province. Pecora (1940) and Fisher (1946) mapped and 
studied the rocks of the western and northeastern Bearpaw 
Mountains, respectively. Both workers explained the apparent 
co-existence of alkalic and subalkalic rocks through a "double 
fractionation” model in which a parent basaltic magma 
underwent differentiation at depth to form a subparent 
shonkinitic magma which in turn differentiated to syenite and 
pyroxenite: the basaltic magma also gave rise to the
subalkalic suite. Pecora (1942) studied pegmatitic
segregations in the Rocky Boy stock.
A large U.S. Geological Survey project, initiated by W.T. 
Pecora in 1947, led to the eventual completion of quadrangle- 
scale geologic maps with accompanying reports for the entire 
Bearpaw region (Pecora et al. 1957a,b; Kerr et al. 1957; 
Stewart et al. 1957; Bryant et al. 1960; Schmidt et al. 
1961, 1964; Hearn et al. 1964). Kaplafka (1971), in her 
study of the Rocky Boy stock used chemical trends to determine 
the differentiation sequence. Hearn (1976) compiled the 
geology (map scale 1:125,000) and structure of the Bearpaw 
Mountains. Radiometric age dates for most of the igneous 
centers of the Central Montana Alkalic Province, including the 
Bearpaws, are given in Marvin et al. (1980). Kuhn (1983) and 
Leppert (1985) investigated Box Elder and Snake Butte 
laccoliths, respectively. Each favored the mechanism of magma 
immiscibility to explain the in-situ differentiation features 
they observed.
REGIONAL GEOLOGY OF THE CENTRAL MONTANA ALKALIC PROVINCE 
Because the Central Montana igneous centers share a common 
origin and geologic history, I outline below their regional 
geologic setting and geologic history.
The Central Montana Alkalic Province is a large region 
containing numerous isolated late Cretaceous to Eocene alkalic 
igneous centers. It lies east of the Montana overthrust belt, 
generally between 107° and 112° 30’ west longitude, and 46° and 
49° north latitude (Figure 1). The Central Montana Alkalic 
Province is also known in the literature as the Great Plains 
Physiographic Province, the Montana High-Potassic Igneous 
Province, and the Montana Alkalic Province.
The plains of central Montana are immediately underlain by 
flat-lying to gently folded sediments locally concealed 
beneath a veneer of Tertiary gravels and glacial drift. About 
1300 m of mostly terrigeneous Cretaceous shales and sandstones 
overlie about 1000 m of Mesozoic and Paleozoic shallow water 
limestones. These shallow marine and continental sedimentary 
rocks generally lie directly on the Precambrian crystalline 
basement rocks of the Wyoming craton. Precambrian
metasedimentary rocks of the Belt Supergroup are present in 
the Helena Embayment; a graben structure extending east from 
the main Belt basin. 1986 COCORP data shows the continental 
crust in central Montana to be a fairly uniform 45-50 km thick
(Hearn 1989a).
Alkalic magmatic activity spanned from about 69-27 Ma with 
two main periods of activity between 69-60 Ma and 54-50 Ma 
(Marvin et. al. 1980). During the earlier period, felsic 
subsilicic to silicic, alkalic to subalkalic magmas were 
emplaced in the eastern parts of the province--in the Little 
Rocky, Judith, and Moccasin ranges. Though not exposed on 
the surface, minor mafic dikes and shonkinite inclusions 
indicate mafic alkalic rocks exist beneath all three ranges 
(Hearn 1989a; Tureck-Schwartz and Zieg 1989). During the 
later period of magmatism in early Eocene time, rocks of the 
Sweet Grass Hills, and the Bearpaw, Highwood, Little Belt, 
Castle, and Crazy mountains were emplaced and extruded. 
Activity in several minor centers also occurred during this 
period. Both mafic and felsic alkalic rocks exist in all 
these ranges, and felsic subalkalic rocks are present in most 
centers. Magmatism in one large volcanic center, the Adel 
Mountains, and two smaller intrusive centers, the Moccasin and 
Judith mountains, overlap the two main periods of magmatic 
activity outlined above: they were emplaced between 69-53 Ma
(Marvin et. al. 1980; Hearn 1989a). There is no apparent 
geographic migration of igneous activity in the ranges of the 
Central Montana alkalic province suggesting progressive 
rifting or movement relative to a hot spot or hot spots. 
Figure 1 shows radiometric age dates and locations of the
Central Montana Alkalic Province igneous centers.
As a group, the igneous centers of the Montana Alkalic 
Province form a broad region of strongly potassic alkaline 
magmatism. Some trends are notable. The Bearpaw, Highwood, 
and Adel mountains lie along a northeast trend defined by 
their large size relative to the other alkalic centers, 
dominantly shonkinitic rock composition, and the dominance of 
extrusive rocks (Figure 1). These three volcanic centers are 
areal ly and volumetrically the largest of the alkalic province 
centers. The Bearpaws, Highwoods, and Adels formed thick 
volcanic piles up to 2000 m thick (Hearn 1976; Swenson 1988). 
These three ranges consist chiefly of volcanic shonkinite with 
lesser volcanic quartz latite and syenite. In the Highwoods, 
latite eruptions preceded eruption of most of the shonkinite 
(McCallum, O ’Brien, and Irving 1989; Larsen 1940); in the 
Bearpaws, latite and shonkinite alternate throughout (Hearn 
1976; personal observation). Elsewhere in the Province, 
syenite and subordinate granite and quartz latite dominate.
The Bearpaw, Highwood, and Adel mountains lie along a belt of 
diverse northeast-trending geologic features that extend from 
near Boise to southwest Saskatchewan, called the Great Falls 
tectonic zone (Figure 2). This zone is defined in part by ( 1 ) 
high-angle faults and shear zones showing recurrent movement 
from Proterozoic to Holocene time, (2) Late Cretaceous to
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early Tertiary dike swarms, other igneous intrusions and 
volcanic activity, and (3) Linear gravity and aeromagnetic 
anomalies (O'Neill and Lopez 1985). O'Neill and Lopez 
speculate that "the Great Falls tectonic zone is underlain by 
a northeast-trending zone of crustal weakness between two 
Precambrian crustal terranes". While the southwestern
portion contains extensional features including northeasterly 
dike swarms of the Montana-Idaho Porphyry belt and the Challis 
and Lowland Creek volcanic fields (Hyndman, Badley, and Rebal 
1977: Hyndman, Alt, and Sears 1988), evidence implying that 
this same extensional environment underlies the Alkalic 
Province is lacking. Theoretically, a lesser degree of 
extension to the northeast could cause generation of the 
smaller volumes of more alkalic magmas of the Central Montana 
Alkalic Province (Don Hyndman, pers. comm., 4/1990).
The cause of magmatism in the Central Montana Alkalic Province 
is enigmatic. Continental alkaline magmatism generally occurs 
in areas of slow rifting, within the stable craton in upwarped 
areas without any visible link to rifting, or over the deepest 
portions of a subduction zone behind the andesitic arc 
(Sorensen 1986; Hyndman 1985, p. 350). Examples of alkaline 
magmatism in areas of slow rifting include the East Africa 
Rift and the Gardar region of south Greenland. Examples of 
alkaline igneous activity behind the arc include the Central 
Andes (Sorensen 1986; Hyndman 1985, p. 350). The igneous
r -
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Figure 2a. Northeast-trending high-angle faults, 
shear zones, and linear topographic features.
Figure 2b. Distribution of Late Cretaceous and 
early Tertiary igneous rocks in Montana and Idaho.
Figure 2. Maps showing distribution of northeast-trending structures and Late Cretaceous and early Tert­
iary igneous rocks, which in part define the Great Falls tectonic zone. From O ’Neill and Lopez (1985).
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Figure 3. Regional sketch map showing major geologic and tectonic features at about 50 Ma. 
Shaded area is the Idaho Batholith; box with hatures roughly outlines the Central Montana 
Alkalic Province (CMAP). Note the location of the subduction zone with respect to the CMAP 
ranges. Modified from Hyndman et. al. (1977)
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centers of the Central Montana Alkalic Province occur within 
the Archean Wyoming Province craton (O’Neill and Lopez 1985; 
Hearn 1989a), Although many of the Central Montana Alkalic 
Province centers lie on or near major long-active 
northeasterly structures of the Great Falls tectonic zone 
(Figure 2), no clear evidence exists for rifting similar to 
the above occurrences.
Other workers suggest the alkalic magmatism is subduction 
related. During Eocene time and earlier, subduction (and 
formation of an andesitic arc) was taking place about 600 to 
700 km to the west of central Montana in present-day north- 
central Washington (Hyndman, Alt, and Sears 1988). It is 
possible but seems unlikely that central Montana was located 
over the deepest part of this subducting slab; the great 
distance between the arc and the Central Montana igneous 
centers implies an unreasonably shallow angle of subduction. 
Eocene igneous activity extends about 700 km in a 
northeasterly trend parallel to the Great Falls tectonic zone, 
and about 500 km perpendicular to it, from north-central Idaho 
to the Absarokas east of Yellowstone Park. The non-linear 
occurrences and breadth of the area also argue against a 
subduction related origin.
Figure 3 is a schematic map showing the geology at about 50 
million years ago.
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General Mineralogy and Rock types
Most workers believe alkaline melts form at high pressures, 
deep in the mantle, and through lesser degree of partial 
melting than normal basaltic melts. Alkaline rocks are 
igneous rocks that contain more total alkali oxides than that 
necessary to form feldspar with the available silica, 
resulting in the formation of feldspathoidal minerals, alkali 
pyroxenes, or alkali amphiboles, in some combination (Sorensen 
1986: Hyndman 1985, p. 349).
The mantle-derived parent magmas in the ranges of the Central 
Montana Alkalic Province are primarily shonkinite, a strongly 
potassic, mafic-rich rock composed chiefly of potassium 
feldspar and c 1 inopyroxene, in more or less equal proportions. 
Olivine and feldspathoids are typically present in at least 
accessory amounts and plagioclase is absent. Clearly derived 
from these by magmatic differentiation are widespread 
trachytes and syenites, which differ from shonkinite primarily 
in their much smaller proportion of mafic minerals to alkali 
feldspar.
Mafic magmas of the Crazy Mountains are unique in the Central 
Montana Alkalic Province in containing more sodium than 
potassium. The magmas are malignitic (mafic nepheline 
syenite), rather than shonkinitic (Dudas 1989).
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Also closely associated in most of the Central Montana Alkalic 
Province ranges are intermediate to felsic subalkalic rocks, 
primarily quartz latite, latite, monzonite, and in the eastern 
ranges, rare granite and rhyolite (Larsen 1940; Hearn 1976, 
1989b). Chemically, these rocks contain excess silica. They 
consist of plagioclase and alkali feldspar in approximately 
subequal amounts, 1-15 % quartz, and 5-30 % amphibole or 
pyroxene. Feldspathoids are absent.
Figure 4 shows the alkaline and subalkaline fields based on 
total alkali metal oxide content versus silica (MacDonald and 
Katsura 1964).
Si02 vs. TOTAL ALKALIS
(wt. I)
Alkalic
Subalkalic
10 * 44# S244
$i02
Figure 4. Diagram of total alkali metal oxide vs. silica, shoving 
alkallne/subalkaline discrimination line from MacDonald and Katsura 
(1964).
GEOLOGY OF THE BEARPAW MOUNTAINS
The Bearpaw Mountains are a roughly circular group of hills 
and peaks that rise to 1400 m above the surrounding plains. 
Both volcanic and plutonic rocks comprise the dissected 
remains of a large volcanic center. In general, the more 
voluminous volcanic rocks lie in two roughly equal fields 
separated by sedimentary rocks in an east-trending arch 
roughly 12 km wide and 65 km long. "The central arch is a 
composite uplift produced by the cumulative effects of shallow 
emplacement of abundant exposed and concealed igneous bodies” 
(Hearn 1989b) (Figure 5). The eastern part of the arch, in 
Townships 28 and 29, Ranges 19, 20 and 21, is a domal uplift 
that contains radial dikes and elongate intrusive bodies. 
This area is probably a feeder center to a major eruptive 
site. Dikes and intrusive bodies in the east and central 
portions of the arch trend roughly east-northeast, subparallel 
to the axis. The central arch, bounded by normal faults to 
the north and south, contains numerous plugs, dikes, 
laccoliths, and stocks (Figure 5). Intrusions are much less 
common within the volcanic fields in the western part of the 
range.
Magmatic activity continued from about 54 to 50 Ma (Marvin 
et. al. 1980). During the earliest phase of intrusion, the 
sedimentary package was domed, possibly by a deep intrusion 
near the base of the crust (Hearn 1976). The axis of the dome
14
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coincides with the easterly trending sedimentary arch. Magma, 
entering such a deep chamber, continued to dome the overlying 
sediments until the fissures and breaks developed, providing 
conduits for the magma's rise to the surface. Erosion 
subsequently removed about 2.4 km of sedimentary rocks before 
volcanlsm commenced, forming an angular unconformity where the 
flat-lying tuffs and flows accumulated on the eroded and 
tilted sedimentary package (Reeves 1924). The volcanic pile 
attained a thickness of over 3000 m (Reeves 1924). 
Approximately 1500 m of the pile remain.
Isolated Igneous Intrusions related to Bearpaw Igneous 
activity occur east and southwest of the Bearpaws where dikes, 
sills and differentiated laccoliths dome and Intrude the 
gently dipping Paleozoic and Mesozoic sediments (Leppert 1985; 
Kuhn 1983).
□
&
Figure 5. Igneous rocks of the Bearpaw Mountains, 
rocks. Geology is simplified from Hearn (.1970).
Areas without patterns represent sedimentary
STATEMENT OF THE PROBLEM
In ranges of the Central Montana Alkalic Province, subalkalic 
rocks largely predate alkalic rocks; in others, rocks of both 
suites clearly overlap in time and space. Such an association 
suggests a genetic link between alkalic and subalkalic magmas.
In the Bearpaw Mountains, subalkalic and alkalic rocks are 
present in unequal amounts; alkalic rocks comprise about 70 
% of the total volume, subalkalic rocks about 30 % (Hearn 
1989b). Alkalic rocks include clinopyroxenite, feldspathoidal 
shonkinite, shonkinite, mafic volcanic flows and pyroclastic 
rocks (volcanic shonkinite), syenite, trachyte, phenolite, and 
feldspathoidal syenite or nepheline syenite. Subalkalic rocks 
include quartz latite, latite, monzonite, and probably most 
of the undifferentiated felsic volcanic rocks. Other rocks 
have characteristics of both suites; collectively they 
exhibit a complete chemical and mineralogical gradation 
between the alkalic and subalkalic suites. Table 1 outlines 
the five general rock groups used in this study, to which all 
Bearpaw samples have assigned. Naming of individual Bearpaw 
samples, based on hand specimen and thin section mineralogy, 
is summarized in Table 2 and Appendix IV.
Field relationships show complete overlap in time and even 
contemporaneous emplacement of alkalic and subalkalic magmas. 
For example, in some areas, felsic (latite) volcanic flows
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alternate with mafic (shonkinite) flows (Figure 6 ). In other 
areas, shonkinite and latite show mutually cross-cutting 
relationships (Figures 7 and 8 ). A simplified igneous rock 
map of the Bearpaws (Figure 5) shows a thorough geographical 
mix of both suites.
As in most other alkalic rock areas, the parent magma in the 
Bearpaw Mountains is shonkinite; a mafic, strongly potassic 
alkalic magma presumably of mantle derivation. A separate, 
coeval felsic subalkalic magma, latite, is also widespread in 
the Bearpaw rocks. The subalkalic latites could not have 
formed through magmatic differentiation of shonkinite; it is 
well documented that the differentiation product of shonkinite 
is syenite, especially in individual laccolithic intrusions 
(Fisher 1946; Kendrick 1980; Edmond 1980; Kuhn 1983). 
Furthermore, shonkinite and latite cannot be products of the 
same parent magma because shonkinite is alkalic and silica- 
under saturated and latite is subalkalic and oversaturated in 
silica. The problem, then, is the source of the widespread 
latite. The intimate spatial and temporal association of the 
subalkalic and alkalic rocks strongly indicates a genetic 
link.
In the following pages I will argue that the mafic alkalic 
magma (shonkinite) formed in the upper mantle; it rose into 
the continental crust where it melted the enclosing granitoid
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crustal rocks to form the subalkalic magma, latite. Both 
magmas rose, intruding and extruding, in overlapping temporal 
and spatial relationships (Tureck-Schwartz and Hyndman 1988). 
Mixing of the two magmas in varying degrees accounts for the 
complete chemical and mineralogical gradation between 
shonkinite and latite.
I will show that two separate end-member magmas, mafic alkalic 
shonkinite and felsic subalkalic latite, though intruded and 
erupted at the same place at the same time, had different 
sources -mantle versus crustal- and that the chemical and 
mineralogical gradation between them represents a mixing, 
rather than a differentiation, trend.
Figure 6. Outcrop of alternating mafic (shonkinitic) and felsic (latitic) 
volcanic flows. Sh= shonkinite, L= latite. Location given in Appendix V, 
reference sample BP-S30.
N)o
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Figure 7. Shonkinite dike (sample BP-S36a) intruding latitic 
country rock (BP-S36b).
Figure 8. Latite veins in shonkinite. Elk Peak.
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MODELS ADDRESSING COMPOSITIONAL VARIATION IN MAGMAS 
Rocks of the Bearpaw Mountains fall into two distinct suites; 
alkalic and subalkalic. Rocks of the alkalic suite are
chiefly shonkinitic and syenitic in composition. Mafic to 
ultramafic biotite pyroxenites, confined largely to the Rocky 
Boy stock, represent less than 0.32 % of all of the alkalic 
rocks and are likely cumulates (Pecora 1940; Fisher 1946; 
Kaplafka 1971; Hearn 1989b). Shonkinitic rocks comprise at 
least 95% of the alkalic suite and are present as by intrusive 
bodies and volcanic flows (Hearn 1989b; personal obs.). The 
minor syenitic rocks (2.7 % of all alkalic rocks) exist in 
differentiated laccoliths, dikes, and small plugs. They 
clearly formed through differentiation of shonkinite magma. 
Rocks belonging to the subalkalic suite are latites; pale 
felsic rocks that generally contain less than 30 % mafic 
minerals. There are no mafic subalkalic rocks. In this 
study, I use the terms felsic rocks or felsic magma 
interchangeably with reference to the subalkalic suite, and 
the terms mafic rocks or mafic magma with reference to the 
alkalic suite (because there are no mafic subalkalic rocks and 
because the alkalic rocks are overwhelmingly mafic, 
shonkinite). In the sections to follow, the most mafic 
alkalic rocks (excluding the pyroxenites and BP-S67 which 
shows mafic enrichment through differentiation), and the most 
felsic (subalkalic) rocks are considered end member rock types 
or parent magmas.
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In addition to the end member mafic and felsic rocks, are 
rocks of intermediate composition which have characteristics 
of both the alkalic and subalkalic suites. These are 
generally medium-colored, contain 20 to 45 % mafic minerals, 
and may contain both quartz and feldspathoids or quartz and 
olivine. Chemically, these rocks show a complete gradation 
between the alkalic and subalkalic fields (Figure 9).
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Figure 9. Distribution of Bearpaw Mountains rock samples on a total 
alkali metal oxide vs. silica diagram. Alkalic/subalkalic discrimin­
ation line after MacDonald and Katsura (1964).
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Developing a plausible petrogenetic model that allows for the 
production and co-occurrence of subalkalic and alkalic magmas 
in the same place and time is critical to understanding the 
origin and petrologic evolution of the Bearpaws, and similar 
igneous centers.
Several models have been proposed to explain the relationship 
of mafic (alkalic) with the felsic (subalkalic) rocks. The 
most feasible are: assimilation, diffusion, fractional
crystallization, magma mixing, and liquid immiscibility.
(1) Assimilation
Assimilation is the bulk incorporation of solid rock into a 
magma; it involves both mechanical disintegration and chemical 
reaction. For the following discussion I assume a mafic magma 
intrudes, and assimilates, variable amounts of solid 
continental crustal rock of granitic composition; the more 
granitic crustal rock assimilated, the more felsic the 
resulting melt. The overall effect of this process is that 
the magma composition trends towards the country rock 
composition. Like magma mixing, discussed below, assimilation 
in varying amounts results in a mineral and chemical continuum 
from the mafic end-member magma to an increasingly more felsic 
member. However, since assimilation involves the bulk 
incorporation of the whole rock into the mafic magma, the most 
felsic product of assimilation would be appreciably less
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felsic than the crustal rock incorporated. It is impossible 
to produce a granitic (or quartz latite) melt through 
assimilation.
(2) Diffusion of individual constituents
Diffusion involves the movement and exchange of individual 
chemical constituents from country rocks to a magma and vice 
versa. Net movement of constituents is, in part, controlled 
by chemical gradients; if an appreciable difference exists in 
the proportion of an element in the magma and the proportion 
of that element in the country rocks, then the element tends 
to move down the geochemical activity gradient. Watson (1982) 
studied the chemical interactions between a basalt magma at 
1200 and 1400 C and "granitoid crustal rocks" consisting of 
quartz, potassium feldspar, and plagioclase feldspar. He 
found the country rocks partially melted at these temperatures 
and showed rapid diffusion of potassium into the basalt, until 
the concentration of potassium in the felsic melt reached 1.5 
to 3 times that in the basalt; the potassium to sodium ratio 
changed toward that in the granitic rock. Sodium showed 
little change since the amount of sodium in the basalt did not 
differ greatly from that of the country rocks. Diffusion of 
silica and rare-earth elements is limited by diffusion rates 
and is probably much less than potassium and sodium.
Diffusion is a minor process in the Bearpaws, manifested only
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at a local scale as fenitized dikes and contacts. Samples BP- 
S36a and BP-S45 show evidence of localized sodium enrichment 
and BP-S65 shows sodium depletion (refer to Chapter 8 , 
Geochemistry, for more detailed discussion). Also, because 
the amount of potassium in latite is nearly the same as that 
in shonkinite (Appendix III), diffusion of potassium cannot 
influence composition.
(3) Magma mixing of mafic and felsic magmas;
Assume a mafic magma and a separate felsic magma are both 
present in the same place, at the same time. Mixing of the 
two magmas creates a new, chemically intermediate magma. 
Rocks crystallized from the new magma will have intermediate 
mineral compositions.
Complete mixing of a mafic melt with a felsic melt creates a 
single intermediate melt, hence a single rock type upon 
crystallization. If no mixing occurs, then a bimodal mafic- 
felsic system results. If magmas mix in varying amounts, then 
a complete chemical and mineral continuum between the two end 
members results. This last relationship can be modeled on 
simple variation diagrams with silica plotted on the X-axis 
and the oxide of interest on the Y-axis (Figure 10). Let 
magma 1 be mafic, and magma 2 felsic. At point A, 25 % magma 
1 mixes with 75 % magma 2; at point B, 50 % magma 1 mixes with 
50 % magma 2; at point C, 75 % magma 1 mixes with magma 2.
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Mixing magma 1 with magma 2 in varying amounts creates a 
linear trend between the two magmas, a chemical continuum.
OXIDE X vs- Si02
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Figure 10. Hypothetical mixing trend: the lineal trend results from
mixing two hypothetical magmas in varying proportions, creating a 
compositional continuum between magma 1 and magma 2. See text for 
further explanation.
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Salient to a magma mixing model is the existence of the mafic 
and felsic end-members in the liquid phase. Relations 
supporting a hypothesis of magma mixing include: mafic and
felsic members in mutually crosscutting relationships; mutual 
inclusions of one member in the other; and inhomogeneous 
"marble cake" rocks form where the magmas met, mingled, but 
did not completely mix. If the temperature difference is 
great, the higher temperature mafic magma may chill against 
the lower temperature felsic magma before complete mixing 
occurs. Examples of this include chilled margins on larger 
mafic inclusions or fine-grained (chilled) mafic inclusions 
and sharp mafic/felsic contacts.
Disequilibrium textures in thin section support a magma mixing 
model. If minerals in one magma are not in equilibrium with 
the other magma they may show discontinuous, or peritectic, 
reactions. Disequilibrium features include reaction minerals, 
reaction halos, embayed minerals, and incompatible minerals 
such as magnesian-olivine and quartz. Oscillatory zoning is 
consistent with this process and may indicate several mixing 
episodes.
(4) Fractional crystallization
Fractional crystallization includes any process which 
separates crystals from a melt. While gravitational settling 
is the most commonly cited crystal fractionation process, 
mechanical separation of melt and crystals by filter pressing
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and flowage differentiation also occur.
Consider a magma slowly cooling under equilibrium conditions; 
early crystals would continually react with the melt to form 
new minerals or, in the case of solid solution, to enrich the 
same mineral in lower temperature constituents. Removal of 
early crystals from the melt changes the bulk composition by 
selectively removing minerals that crystallize at higher 
temperature, mainly calcium and magnesium minerals. The 
residual melt moves compositionally away from the separated 
crystals, becoming enriched mainly in silica, sodium, and 
potassium. Tapping the upper part of a magma chamber at 
successive stages of crystal fractionation yields a 
progressively more felsic melt.
Disequilibrium features such as normal and oscillatory zoning, 
reaction rims, and resorbed and embayed phenocrysts are 
consistent with this process.
(5) Liquid immiscibility
Liquid immiscibility occurs when an initially homogeneous 
magma undergoes equilibrium unmixing to form two magmas. The 
phenomenon is generally explained in terms of structural 
models of the liquid state. A silicate melt consists 
primarily of silica tetrahedra; linkage of some of these by
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sharing oxygen anions creates regions of high polymerization 
with branching or chain-like structures similar to the quartz 
and feldspar crystalline structures (Hess 1971). Aluminum 
commonly substitutes for silica in the polymerized tetrahedra, 
and potassium and sodium balance the charge deficit. Other 
regions of the melt are dominantly unpolymerized and consist 
of isolated silica tetrahedra and polyvalent cations such as 
magnesium, iron, phosphorous, titanium, and manganese 
occupying the "holes" between tetrahedra. Separation of the 
highly polymerized liquid from the less polymerized liquid 
ultimately leads to felsic and mafic magmas, respectively.
Evidence supporting immiscibility in the Central Montana 
Alkalic Province includes bimodal rock suites, two co-existing 
glasses with a meniscus between them, layered intrusions with 
a lower mafic layer and felsic upper layer and coalescing 
felsic globules (Edmond 1980; Kuhn 1983; Hyndman, Alt, and 
Tureck-Schwartz 1989 ).
IGNEOUS ROCKS; DESCRIPTION AND MINERALOGY
Igneous rocks fall into two main groups; saturated, felsic, 
subalkalic rocks, and under saturated, mafic to felsic, alkalic 
rocks (Figure 11). Each group contains intrusive and 
extrusive representatives. Of the estimated 1115 cubic km of 
igneous rocks remaining in the Bearpaws, about 779 cubic km 
(70 %) are alkalic and 336 cubic km (30 %) are subalkalic 
(volumes calculated from Hearn 1989b, Table 5.1, p. 54).
30 %
IGNEOUS ROCKS
70 %
SUBALKALIC ROCKS /latite(silica saturated, felsic) - — 4 quartz latite
Vmonzonite
ALKALIC ROCXS /shonkinite (97%)
(silica undersaturated, i syenite (2.7 %)
mafic, minor felsic) \pyroxenite (0.3 %)
Figure 11. Main volcanic and plutonic rocks of the 
Bearpaw Mountains, Montana,
I further subdivided the Bearpaw rocks into five subgroups 
(Table 1) based primarily on thin section mineral compositions 
and proportions (Table 2 and Appendix IV). I assigned each 
rock group a number (1, 2, 2A, 3...) and a rock name. The 
rock group number is used in several tables and graphs as a 
convenient way of referring to thin sectioned and chemically 
analyzed samples and groups of samples. In general, rocks 
belonging to Group 1 are subalkalic and rocks belonging to 
Groups 2 through 5 are alkalic. Because some shonkinites show
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gradation to subalkalic rocks and others are feldspathoidal, 
I designate the shonkinites as Groups 2, 3 and 4, depending 
on whether they contain plagioclase, feldspathoids, or 
neither. Because the shonkinites tend to differentiate to 
syenites that show similar alkalic to subalkalic gradation, 
I designated the syenite rock groups as 2A, 3A, and 4A.
With increasing mafic content, syenite grades to shonkinite. 
I distinguish between syenite and shonkinite at 40 % mafic 
minerals. For rocks containing from 20-40 % mafic minerals, 
I add the modifier "mafic" to the rock name. For example, a 
monzonite containing 30 % salite is called mafic monzonite 
and a syenite containing 35 % mafic minerals is called mafic 
syenite.
Dividing the Bearpaw rocks into the above groups is a bit 
misleading because complete gradations of mineral compositions 
and proportions exist between the rock types. Distinction 
between many of these rocks in the field was especially 
difficult due to the extremely fine grain size, alteration, 
and difficulty in distinguishing plagioclase from potassium 
feldspar. Estimation of mineral percentages under the 
microscope and determination of optical properties was at 
times difficult also due to the extremely fine grain size, 
high proportion of glass, and local alteration. I named rocks 
in the field and then checked them in thin section. I did not
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TABLE 1. BEARPAW MOUNTAINS ROCK GROUPS - all Bearpaw samples are 
assigned to one of the numbered groups below (rock group numbers 
are shown in parenthesis next to the rock name) on the basis of 
thin section mineralogy. These group numbers are used in other 
tables and graphs. Note that the plutonic, or coarse-grained 
rock names are ^own next to the rock group numbers, and the 
volcanic, or fine-grained equivalent name is given below in 
parenthesis.
(1) MONZONITE (5-20%MAFICS)
(LATXTE-OJARIZ LATITE)
*20-40% MAFICS add modifier "mafic" to name
Essential minerals: plagioclase and K-spar, and
usually quartz.
+/- biotite 
+/- salite
+/- amphibole (hastlngslte)
(2) PLAGIOCLASE SHONKINITE (2A) PLAGIOCLASE SYBOTE
(VOLCANIC PLAGIOCLASE SHONKINITE) (FLAG. TRACHYTE)
>40% MAFICS <20% MAFICS
*20-40% MAFICS add mod­
ifier "mafic" to name*
Essential minerals: K-spar. plagioclase. salite.
+/- biotite 
? olivine
(3) SHOMaNITE (3A) SYBHTE
(VOTANIC SHOMaNITE) (TRACHYTE)
>40% MAFICS <20% MAFICS
*20-40% MAFICS add mod­
ifier "Mafic" to name*
Essential minerals: K-spar. olivine, and salite.
+/- biotite 
+/- aegirlne 
+/- hastlngslte 
+/- aegirlne
(4) FELDSPATHOIDAL SHOMaNITE (4A) FELDSPATHOIDAL SYEN-
(VOLCANIC AIXALI SHOMaNITE) ITEyNEPHELINE SYENITE
>40% MAFICS (PHQNOLITE)
<20% MAFICS 
*20-40% MAFICS add mod­
ifier "mafic" to name 
Essential minerals: olivine, K-spar, salite.
biotite, and feldspathoids. Feldspathoids Include 
pseudoleucite. nepheline. analclme, or soda11te 
+/- aegirlne
(5) dJNOPYROXENITE
>75% MAFICS
Essential minerals: cllnopyroxene. biotite. K-spar 
apatite
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TABLE 2. Summary of Bearpaw thin sections giving sample numbers, 
assigned rock group * numbers, and mineralogy.
SAMPLE
NUMBER
«ROCK 1 ROCK 
GROUP : NAME
j
TOTAL î> 
MAFIC*/. 5^
Jf! !••!! 1
HI; i W;.;
BP-S2 1 Iporphyritic quartz latite 5 '/.! tx! X X X :
BP—S6 1 porphyritic (quartz) latite 10-12%: : X ?: X X X :
BP-S8 3 1 volcanic shonkinite 48 %: X : X : n X
BP-S9 1 quartz-bearing latite 17-20%! X : X : X X X :
BP-SIO 1 mafic quartz-bearing latite 30 %; X ! X X ; X X X
B P - s n 4 mafic ol-pseudoleuc shonkinite 60 %lx X • X !ps
BP-S12 3a trachytoidal mafic syenite 25 %l X : X X ! a X
BP-S14 5 biotite pyroxenite 85 %; X : X : X
BP-S16 3 olivine shonkinite 55 %lx X : X X X X
BP-S20 4 mafic ol-pseudoleuc shonkinite 60 %!x X ! X Ips
BP-S21 1 monzonite 18 %: X ! X X X
BP-S24 4 vole, pseudoleucite shonkinite 55 %lx X : 1 psa
BP-S25a 1 extrusive mafic latite 35 %: X ! : X X
BP-S25b 3a contam mafic trachyte agglomer. 35 %l X ! X ?
BP-S26 1 porphyritic quartz latite 10-12%: : ? ?! X % X i
BP-S27 3 olivine shonkinite 50-52%1X X ! X ! a X
BP-S35 4 vole, ol-analcime shonkinite 55-57%:x X : 1 aps X
BP-S36a 4 aegirine-pseudoleuc shonkinite 40-45%: X : X !ps
BP-S36b 1 latitic breccia 20-22%: X ' X X X X
BP-S39 4 olivine-analcime shonkinite 55 %:x X : X : a X
BP-S42 3 volcanic olivine shonkinite 50 %:x X : X ! X ?
BP-S43 1 mafic latite 30-35%: X 1 X ! X X
BP-S44 1 porph. quartz-bearing latite 15 %: X : X 1 X X X :
BP-S45 1 quartz latite 10-12%: ! X ? X : X ? X !
BP-S46 1 qtz-bearing hastingsite latite 25-30%; ! X X : X X X :
BP-S47 1 porphyritic mafic latite 30-35%1 J X ! X X
BP-S48 1 porph. quartz-bearing latite 15 %; X ! :x : X X X !
BP-S50 3 vole olivine-bearing shonkinite 40-43%! X X : : X
BP-S51 3a mafic quartz-bearing trachyte 25-27%: X X : X X I
BP-S52 2 vole, plagioclase shonkinite 50-55%; X : X X X
BP-S53 1 porphyritic latite 20 %! X ! X ? X X ; X X !
BP-S54 3a syenite 20-22%! X ! X X X X ; X
BP-S55 1 quartz latite 7-10 %: X ! X X : X X X :
BP-S56 3 vole, olivine shonkinite 45 %:x X ! X 7 X X
BP-S57 3 olivine shonkinite 55-57%: X X : 7 X ! X
BP-S58 3a trachyte 15-20%: X : X X X
BP-S61 1 monzonite 15 %! X 1 X X X
BP-S62 3 shook i nite 45-40%! X 1 X X
BP-S63 3a plag-bearing mafic syenite 30 %!x >: 1 X X X
BP-S65 3a syeni te 15 %: ! ? X X
BP-S67 3 mafic shonkinite 70 %! X ! X X >:
BP-S68 5 biotite pyroxenite 92-95%! X ! X X
BP-S69 3 a syenite 18-20%! X ' X
BP-S70 3a trachyte 20-22%: X I
BP-S71 4 vole, ol-analcime shonkinite 55 % ! X X ! 1 a , n ;
*ROCK GROUP BASED ON THIN SECTION MINERALOGY 
#"ELDSPATHOIDS: ps^Dseudoleueite, a=analcime, n=neoheline
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name any rocks on the basis of chemical analyses.
GROUP (1) Quartz latite-latite-monzonite:
Intrusive rocks belonging to this group are generally fresh, 
light gray, massive, homogeneous, and fine-grained. With the 
exception of the holocrystalline monzonites, they are 
invariably porphyritic; the most common phenocrysts visible 
in hand specimen are plagioclase and potassium feldspar, 
biotite, and salite, in that order. A distinguishing feature 
of this group is that most latitic bodies contain from 1 - 2  % 
rounded to subangular, evenly distributed, very fine-grained 
shonkinite inclusions, everywhere about a centimeter in 
diameter. The extremely fine grain size, even distribution, 
and sharply bounded margins on these inclusions suggest the 
shonkinite might have chilled in the latite. Crustal 
xenoliths are locally abundant and range from quartzo- 
feldspathic gneiss to granite to sillimanite-bearing gneiss 
and amphibolite. Mafic or ultramafic inclusions, composed of 
biotite and pyroxene and lesser amounts of potassium feldspar, 
are much less common; they may be pieces ripped from an 
unexposed biotite pyroxenite body.
Most of the intrusive rocks occur as small stocks, plugs, and 
lesser numbers of dikes and sills concentrated in the 
sedimentary arch (Figure 5). A few larger monzonite stocks 
and latite dikes occur in the volcanic fields north and south
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of the sedimentary arch.
Extrusive varieties of latite range from pale green to buff 
to pink, variably altered, very fine-grained porphyritic 
flows, breccias, agglomerates, tuffs and water-laid volcanic 
sediments. Most of Hearn*s (1976; 1989b) undifferentiated 
"felsic volcanic flows" and "felsic pyroclastic rocks" are 
latitic in composition and may be included in this group. 
Extrusive members of this group occur mainly in the north and 
south volcanic fields, locally interlayered with mafic 
(shonkinitic) volcanic rocks.
Petrography
The quartz latite-latite-monzonite group is composed chiefly 
of potassium feldspar and plagioclase in more or less equal 
proportions, with lesser amounts of quartz, biotite, salite, 
or hastingsite amphibole. Magnetite and apatite are typically 
present in accessory amounts. Total mafic content ranges from 
about 5 % up to 35 % (Table 2) but is commonly 10-12 %. They 
are typically porphyritic with euhedral to subhedral 
phenocrysts of large, zoned, plagioclase and potassium 
feldspar, and a smaller proportion of salite, resorbed 
biotite, and in some cases hastingsite. The very fine-grained 
felsic groundmass is composed of plagioclase feldspar, 
potassium feldspar, quartz and altered mafic minerals. The 
plagioclase feldspar (oligoclase ?) is generally simply
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twinned and only rarely displays polysynthetic or pericline 
twins. The potassium feldspar is sanidine; it is generally 
zoned and simple twinned. In places^ it rims rounded 
plagioclase cores.
A few percent carbonate and magnetite are generally present 
as alteration or reaction minerals replacing olivine and to 
some extent, salite as pseudomorphs.
Quartz latite differs from latite and monzonite in that it 
contains at least 1 0  % total quartz.
GROUP (2 ) AND (2A) Plagioclase shonkinite / plagioclase 
syenite:
This relatively rare rock type occurs as dikes (sample BP-S52) 
and "in the Rocky Boy stock, two laccoliths, one sill, and a 
few dikes" (Pecora 1940).
Petrography
Only one sample (BP-S52) prepared for thin section study falls 
into this group. However, Pecora (1940) describes several 
samples from his "plagioclase shonkinite-syenite series" which 
appear consistent with this classification. Rocks falling 
into this group consist of salite, biotite, sanidine, 
plagioclase feldspar (plagioclase is subordinate to sanidine), 
and accessory magnetite. Olivine is absent. Pecora
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determined the plagioclase to be chiefly sodlc oligoclase 
(AHis), but ranging to labradorlte ( An^g ). Rocks of this group 
may be examples of contaminated shonkinite and syenite.
GROUP (3) Shonkinite / volcanic shonkinite:
Intrusive rocks belonging to this group are generally fresh, 
medium gray to salt and pepper, fine- to medium-grained, 
massive, and holocrystalline. The dominant phenocrysts and 
grains visible In hand specimen are sanidine, salite, biotite, 
and locally large, glassy olivine.
Most of the Intrusive bodies are sills, laccoliths, stocks, 
dikes, and Irregular plugs that lie within the sedimentary 
arch, but exceptions are numerous. Several concordant bodies, 
such as Box Elder laccolith. Intrude the sediments outboard 
of the main body of the Bearpaws, and several smaller plugs 
and dikes cut both mafic and felsic volcanic rocks north and 
south of the arch (Figure 5).
Many of the Intrusive bodies display In-sltu differentiation 
features and vary considerably In mafic mineral content. In 
general, the Group (3) shonkinites grade to Group (3A) 
syenites and differ only In mafic mineral percentages. A 
typical differentiated Intrusive body consists of a lower 
layer of shonkinite capped by a layer of syenite; both layers 
enclosed within a chilled envelope of shonkinite Intermediate
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In composition to the shonklnlte and syenite layers. Examples 
of differentiated bodies Include Box Elder laccolith (Kuhn 
1983), Snake Butte laccolith (Leppert 1985), and Peoples Creek 
sill (Pecora 1940). Elsewhere, shonklnlte differentiates In 
place to form syenite and minor pyroxenlte as evidenced by 
Irregular patches of darker shonklnlte mingling with lighter 
syenite In outcrop (Figure 12). Examples of this relationship 
exist In an outcrop along Big Sandy Creek In the SW 1/4 of the 
NE 1/4 of the NE 1/4 Section 24, T 28 N, R I S E  (reference 
samples BP-S12 through BP-S12z, Appendix V).
Extrusive varieties of this group, volcanic shonklnlte, range 
from dark green to purple to gray, and occur as variably 
altered, very fine-grained flows, breccias, agglomerates, and 
pyroclastlc flows. Many of Hearn's (1976; 1989b) "mafic
volcanic flows" and "mafic pyroclastlc rocks" belong to this 
group. The extrusive members of this group occur mainly In 
the volcanic fields north and south of the sedimentary arch, 
locally Interlayered with felslc (latltlc) volcanic rocks.
Members of this group locally enclose basement Inclusions, 
blotlte pyroxenlte Inclusions, and rare perldotlte Inclusions 
apparently derived from the upper mantle (Hearn 1989b).
Petrography
The shonklnlte / volcanic shonklnlte group contains from
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40-75 % total mafic minerals. The rocks consist chiefly of 
potassium feldspar (sanidine) and salite with lesser olivine 
and biotite. Magnetite, apatite, and sphene are present in 
accessory amounts.
Feldspathoids, generally absent, may make up 2-3 % of the 
rock. Thin sections reveal that a typical shonkinite is fine­
grained and inequigranular, consisting of evenly distributed 
phenocrysts of large embayed and rimmed olivine, zoned 
euhedral salite and locally zoned or perthitic sanidine in a 
groundmass of sanidine, salite, and biotite. Magnetite, 
biotite, c1inopyroxene, and in some cases tiny hypersthene 
crystals, commonly form reaction rims on olivine and perhaps 
pseudomorph salite.
The order of crystallization is, from earliest to latest, 
olivine, apatite, salite, biotite, magnetite, and sanidine. 
In the volcanic shonkinites, olivine and salite are the only 
phenocrysts. Biotite is late and typically occurs as 
poikilitic grains that enclose salite, olivine, and apatite, 
or as a reaction mineral with magnetite.
%
Figure 12. Shonkinite differentiated in place forms patches of biotite 
pyroxenite (black) and syenite (light gray). Reference sample BP-S12.
-oho
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GROUP (3A) Syenite / trachyte:
Syenite is essentially the felsic equivalent of shonkinite 
and differs mainly in the proportions rather than in the kinds 
of minerals; syenite (0-20 % mafic minerals) grades to mafic 
syenite (20-40 % mafic minerals) which grades to shonkinite 
(40-75 % mafic minerals). Since the occurrence, mineralogy, 
and pétrographie relations are similar to the related
shonkinites above (Group 3), only a brief description is 
provided here.
Intrusive rocks of this group are generally light gray to buff 
and fine- to coarse-grained. Syenite is composed chiefly of 
potassium feldspar with much lesser amounts of salite and 
biotite. The coarse-grained members of this group commonly 
display a strong trachytoidal texture defined by the
parallelism of large, euhedral sanidine crystals.
Much of the intrusive syenite (3A) is associated with the
Group (3) shonkinite in differentiated laccoliths, sills, and 
irregular igneous bodies, described above. Syenite also 
occurs as small, widely scattered intrusive bodies and minor 
dikes.
Extrusive varieties of the (3A) syenite / trachyte group range 
from pale pink to buff, variably altered or weathered, very 
fine-grained flows, volcanic breccias, and agglomerates. The
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extremely fine grain size and alteration of these rocks often 
makes it difficult to separate trachyte from latitic 
volcanics.
Petrography
Rocks belonging to this group have essentially the same 
mineral compositions as the shonkinite of Group (3), except 
that they contain less than 40 % mafic minerals, generally 
much less. Typically, subparallel, euhedral sanidine laths 
up to 1 cm dominate the slide; salite and biotite cluster 
between the feldspar grains. Magnetite and apatite are 
present in accessory amounts. Some of the more mafic samples 
contain olivine. Salite is commonly somewhat resorbed and 
rimmed by aegirine. Magnetite and carbonate are widespread 
alteration minerals.
A few slides contain small amounts of interstitial quartz or 
plagioclase, suggesting contamination.
GROUP ( 4 ) Feldspathoidal shonkinite / volcanic feldspathoidal 
shonkinite:
Rocks belonging to this group have the same field description, 
crystallization history, occurrence and distribution as the 
Group (3) shonkinites. Refer to Group (3) above for pertinent 
information.
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Group (4) shonkinites are distinguished from Group (3) 
shonkinites primarily because they contain feldspathoids in 
addition to olivine, salite, biotite, and sanidine. Rocks of 
this group contain few reaction minerals and disequilibrium 
features. They are probably the most pristine shonkinite in 
the Bearpaw Mountains.
Petrography
Rocks of this group contain from 40-75 % mafic minerals. They 
consist chiefly of potassium feldspar (sanidine) and/or 
feldspathoids and salite, with lesser olivine and biotite. 
Magnetite, apatite, and sphene are present in accessory 
amounts.
Feldspathoids may make up to 40 % of the rock. The most 
abundant feldspathoid is pseudoleucite, followed in order, by 
analcime, nepheline, and sodalite. Sanidine does not exists 
as a separate mineral in rocks that contain a large percentage 
of pseudoleucite; rather, it is a component of the 
pseudoleucite.
Thin sections reveal that a typical shonkinite is fine-grained 
and inequigranular, consisting of evenly distributed 
phenocrysts of large euhedral to subhedral olivine and 
euhedral zoned salite in a matrix of intergrown sanidine and 
feldspathoids, salite, and interstitial biotite. Magnetite
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and apatite are accessory minerals.
GROUP (4A) Feldspathoidal syenite / phonolite:
Rocks belonging to this group have the same field description, 
crystallization history, occurrence, and distribution as the 
Group (3A) syenite.
Group (4A) syenites are differ from Group (3A) syenites 
primarily because they contain feldspathoids in addition to 
sanidine, salite, biotite, and accessory apatite and 
magnetite. This is volumetrically the least abundant rock 
type in the Bearpaw Mountains.
GROUP 5 Biotite pyroxenite
All biotite pyroxenite rocks are plutonic and are limited to 
irregular bodies associated with shonkinite, minor syenite 
and monzonite in the Rocky Boy composite stock, SE 1/3 of 
T28N, RISE and SW 1/3 of T 28 N, R16 E. Though biotite 
pyroxenite rock is exposed only in the Rocky Boy stock, 
inclusions of pyroxenite are common in shonkinitic and latitic 
rocks throughout the Bearpaw Mountains, suggesting other 
pyroxenite bodies exist.
Biotite pyroxenite is a black, massive, coarse-grained, 
homogeneous rock composed chiefly of salite and biotite with 
minor amounts of potassium feldspar. Outcrops are typically
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deeply weathered and crumbly.
Petrography
Biotite pyroxenite typically contains between 85-95 % mafic 
minerals. Thin sections reveal that they consist mainly of 
euhedral, eguigranular salite crystals in grain-to-grain 
contact. Up to 7 % euhedral apatite crystals are locally 
enclosed in the salite crystals. Biotite and minor potassium 
feldspar occupy the interstices between the salite grains. 
Magnetite and sphene are present in accessory amounts.
The grain-to-grain contact, uniform size, and equant shape of 
the salite grains suggest they accumulated through crystal 
settling or filter pressing, probably from a shonkinite magma. 
This hypothesis does not explain the absence of olivine, which 
should have separated along with the salite: olivine is the 
first mineral to crystallize in shonkinite, and is of about 
the same size and density as salite. Perhaps all of the 
olivine reacted with the residual melt, which occupied the 
interstices between the accumulated salite and olivine grains, 
and formed biotite.
SOME IMPORTANT FIELD RELATIONS AND PETROGRAPHIC TEXTURES 
Field Relations:
Many intrusive relations indicate the felsic subalkaline 
magmas were emplaced at the same time as the mafic alkaline 
magmas throughout the entire Bearpaw igneous complex. Field 
evidence supporting contemporaneous emplacement of alkalic 
and subalkalic magma, presented below, includes thorough 
geographical mix of alkalic and subalkalic rocks, mutually 
cross-cutting intrusive relationships, alternating shonkinitic 
and latitic lavas, co-mingling rock types (mingling latitic 
and shonkinitic magmas), and a compositional continuum between 
mafic (alkalic) and felsic (subalkalic) end members.
The distribution of igneous rocks in the Bearpaw Mountains, 
Figure 5, shows a thorough geographical mix of rocks belonging 
to both the alkalic and subalkalic suites. In the sedimentary 
arch, latitic intrusions are evenly distributed among the 
shonkinitic intrusions; and in the volcanic fields, the less 
abundant latitic volcanic rocks are widely scattered among the 
volcanic shonkinites.
In some areas, mafic alkalic plutons are cut by later latite. 
For example, latite dikes and plutonic bodies cut shonkinite 
and syenite plugs in several locations in the western part of 
the sedimentary arch, especially near Reeve and Johnson 
Buttes, T 28 N, R 19 E. In the Rocky Boy composite stock, T
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28 N, R 15 E, shonkinite and biotite pyroxenite are intruded 
by irregular monzonite bodies. In other areas, alkalic rocks 
cut subalkalic rocks. An example of this relationship is 
found south of The Rock (Warrick Mountain), Sections 18 and 
19, T 2 7 N ,  R 1 7 E ,  where a shonkinite dike cuts a latite 
pluton.
Shonkinitic and latitic volcanic flows are commonly 
interlayered, suggesting recurrent and concurrent extrusion 
of alkalic and subalkalic lavas (Figures 6  and 14).
The relative age relations of both the plutonic and extrusive 
rocks of the Bearpaws is shown diagrammatically in Figure 13. 
Note the recurrent and overlapping alkalic and subalkalic 
igneous activity.
"Mingled" shonkinitic and latitic magmas, observed in several 
locations, indicate the co-existence of mafic and felsic 
magmas with minimal or incomplete physical or chemical mixing. 
For example, on Elk Peak, shonkinite and latite co-exist in 
the same outcrop, producing a patchy "marble cake" pattern of 
dark rock in contact with light rock, and grading in places 
to intermediate, mixed, zones (Figure 15). In other places, 
trains of fine-grained shonkinite are enclosed in latite, 
suggesting a higher temperature shonkinitic magma chilled 
against a latitic magma (Figure 16).
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Figure 13. Diagrairanatic correlation chart of the Bearpaw Mountains 
igneous rocks, with K-Ar ages and remanent polarities, and the Eocene 
geomagnetic time scale of Berggren shown for comparison. Alkalic rocks 
are shown with stipple pattern. Unit names; ash= analcime shonkinite; 
at= analcime trachyte; shv= shonkinite volcanic flows; shp= shonkinite 
pyroclastics ; lv= latite volcanic flows ; lp= latite pyroclastics; c= 
carbonatite; s= syenite; sh= shonkinite and minor syenite; ra= monz­
onite ; 1= latite; bp= biotite pyroxenite. Note the overlapping alk­
alic and subalkalic rock types. Modified from Hearn (1989a).
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The rocks of the Bearpaws show a mineralogical continuum 
between mafic and felsic end members. Mafic alkalic 
shonkinitic rocks grade to progressively more felsic and more 
subalkalic rocks, and ultimately quartz latite (Figure 17).
Inclusions are locally abundant in all of the rock types of 
he Bearpaws. Latite generally contains inclusions of 
shonkinite*, lesser granitoid basement rocks, and rare 
pyroxenite. Shonkinitic rocks commonly contain biotite 
pyroxenite inclusions, less common syenite, latite, and 
basement rock inclusions, and rare peridotite inclusions 
(Figures 18 and 19). Felsic inclusions in shonkinite are 
uncommon, probably because most granitoid crustal rocks or 
latitic rocks engulfed by shonkinite would melt. All of the 
rare mantle-derived peridotite xenoliths, including spinel 
dunites, wehrlites, and harzburgites, are found in shonkinitic 
rocks (Hearn 1989b; personal obs.) suggesting a mantle source 
for the shonkinite magma. Strontium and neodymium isotope 
signatures of Bearpaw rocks also supports a mantle source for 
the shonkinite (Hyndman, Tureck-Schwartz, and Foland 1988).
*Note the small, rounded shonkinite inclusions in the 
latite sample, top row, second from left, in Figure 17.
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Figure 14. Mafic volcanic flow overlying a latitic agglomerate. This 
sequence overlies more mafic (shonkinitic) flows down section. Refer 
to samples BP-S25a and BP-S25b for location and thin section descrip­
tion.
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Figure 15. Mingling shonkinite and latite: incompletely mixed
shonkinite and latite results in a marble cake pattern of dark 
gray shonkinite and light gray latite, grading in places to in­
termediate zones. Elk Peak.
Figure 16. Mingling shonkinite and latite: angular to subrounded
trains of dark gray, fine-grained shonkinite enclosed in latite. 
The textural relationship suggests the hotter shonkinite magma 
chilled against the cooler latite magma when the two came into 
contact. Elk Peak, sample BP-S18a.
I I
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Figure 17. Sawn hand samples showing mineralogical gradation 
from shonkinite, lower left, to progressively more felsic and 
subalkalic rocks counterclockwise. The two samples in the up­
per left are quartz latite and latite, respectively.
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Figure 18. Basement rock inclusion of biotite gneiss in 
shonkinite (reference sample BP-S49).
Figure 19. Latite inclusion in shonkinitic volcanic flow, 
Beaver Creek road, about 1.5 km north of Bearpaw Lake.
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Pétrographie Textures:
Thin section petrography for individual Bearpaw samples is 
given in Appendix IV and summarized in Table 2. In this 
section I summarize some important textures for the Bearpaw 
thin sections as a group and discuss their implications. 
These textures are: zoning, melt inclusions, resorbed
phenocryst cores, reaction rims, and pseudomorphs.
(1) Zoning: Well developed oscillatory and normal zoning in
salite, and to a lesser degree sanidine and plagioclase, is 
characteristic of the Bearpaw rocks. Zoning is equally 
developed in shonkinitic and latitic phenocrysts, and is 
absent in pyroxenite.
In shonkinitic rocks, salite typically shows normal, 
gradational zoning from a colorless salite cores to greenish 
aegirine-augite to grass-green aegirine rims in some samples: 
this sequence reflects the progression from higher 
crystallization temperature constituents (Ca, Mg) to lower 
temperature constituents (Na, Fe). In some samples, grass- 
green aegirine rims salite grains. This is especially common 
in syenite rocks and probably reflects a change in oxidation 
state. The presence of abrupt aegirine rims, coupled with 
aegirine groundmass needles, albite needles, or both, in the 
margins of feldspar phenocrysts suggests sodium fenitization 
in some rocks (e.g. BP-S36a and BP-S45).
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Oscillatory zoning may result from multiple mixing episodes 
between two magmas. For example, complex zoning of salite 
and diopside phenocrysts in the Highwood Mountain rocks is 
attributed to multiple mixing episodes between mafic phonolite 
(fine-grained shonkinite equivalent) and minnette magmas 
(O’Brien, Irving, and McCallum 1988; McCullum, O ’Brien, and 
Irving 1989). Oscillatory zoning may also result from 
multiple pulses of a single magma type into a magma chamber 
or by assimilation of country rocks.
(2) Melt inclusions and resorbed cores: Salite phenocrysts
may contain abundant melt inclusions or display internally 
resorbed cores (BP-S24). Melted and resorbed cores result 
from any process which brings the phenocryst to higher 
temperature than the liquidus. These textures may imply rapid 
decrease in pressure during rapid ascent to the surface. They 
may also reflect a change in the composition of the magma, 
which could happen through removal of magma from the chamber, 
or through addition of lower melting temperature chemical 
constituents by diffusion, assimilation, or magma mixing.
(3) Reaction rims: Reaction rims occur primarily around
olivine and salite phenocrysts in shonkinite, and in 
intermediate rocks with alkalic affinity. Olivine is
typically rimmed by iddingsite or by an intergrowth of biotite 
and magnetite, with or without clinopyroxene or hypersthene.
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In some samples, olivine is surrounded by an inner rind of 
fine-grained biotite and magnetite with or without hypersthene 
grains, and an outer rind of large, tangentially oriented 
biotite with minor clots of magnetite; rarely, hypersthene 
alone forms the inner rind (Figure 20). Addition of silica 
to olivine forms hypersthene, and the addition of aluminum, 
potassium, titanium, and water to hypersthene forms biotite. 
These constituents may be derived from assimilated granitic 
country rock or by addition of latite magma to the shonkinite 
(magma mixing).
Reaction rims of hypersthene on olivine might also form 
because of a peritectic relationship, which can be illustrated 
on a forsterite-enstatite-silica binary diagram (Figure 21). 
With falling temperature, a melt which lies on the forsteritic 
side of the peritectic crystallized olivine first. At the 
peritectic, some of the olivine crystals react with the 
silica-rich peritectic melt to form enstatite (or 
hypersthene). If the reaction is incomplete, the hypersthene 
forms rims on unreacted olivine cores. This explanation, 
however, is unreasonable for the shonkinitic magmas of the 
Bearpaws because (1) orthopyroxene never occurs as a primary 
mineral in alkalic rocks, and (2 ) shonkinite does not contain 
excess silica; in fact, most pristine shonkinites contain 
appreciable pseudoleucite and other feldspathoidal minerals. 
Crystal fractionation should lead to a more-alkalic magma such
m
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Figure 20. Photomicrograph and schematic drawing of olivine grain rimmed by tiny colorless hypersthene 
crystals, and tangentially oriented biotite. View across is 3.5 ram. Thin section of sample BP-S16.
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as syenite or nepheline syenite, not to excess silica.
Figure 21. Forsterite-enstatite-silica binary diagram. From 
Hyndman (1985, p. 146).
Salite is rimmed, in a few cases, by an intergrowth of biotite 
and magnetite.
(4) Pseudomorphs: Pseudomorphs after subeguant, euhedral
olivine in shonkinitic rocks are very common. The 
pseudomorphing minerals are iddingsite, biotite, serpentine, 
and magnetite. Pseudomorphs consisting wholely of very fine­
grained biotite and magnetite are common in both mafic and 
felsic rocks and, based on morphology, appear to be replacing 
salite or hornblende.
GEOCHEMISTRY
A total of 45 rock samples were analyzed for major-, minor-, 
and trace elements at of Washington State University in 
Pullman by X-ray fluorescence. Nine selected samples were 
analyzed, in addition, for rare-earth elements. Sample 
preparation, methods, and precision are summarized in Appendix 
I; analytical results are given in Appendix II. Note that 
total iron is represented as FeO*.
Appendix III contains variation diagrams for major- and minor­
ai ement contents versus silica; sample numbers and rock types 
are plotted on the diagrams for reference. Strong inverse 
trends exist for silica versus magnesium, iron, and calcium. 
Part of the negative correlations is attributed to the wide 
range in silica values from 43.84 to 69.83 weight percent. 
Manganese, titanium, and phosphorus show moderate inverse 
trends. Sodium, and to a lesser degree aluminum, show a 
positive correlation with increasing silica. Potassium is 
widely variable and shows no correlation with silica.
Each of the variation diagrams shows a complete chemical 
continuum; samples are evenly distributed, with no distinct 
clustering, along the oxide trends regardless of the steepness 
or direction of the trends. Furthermore, samples from the 
different rock groups overlap one another, especially in the 
intermediate silica range. These diagrams are discussed
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further in the following chapter.
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Figure 22. Distribution of the Bearpaw Mountains rock samples on a total 
alkali metal oxide vs. silica diagram. Shonklnlte* solid squares, 
syenite* open squares, latite* diamonds» pyroxenlte* crosses.
Figure 22 shows the alkalic and subalkalic fields based on 
total alkali metal oxide content versus silica (MacDonald and 
Katsura 1964), and the distribution of the Bearpaw samples.
Note that five of the Bearpaw samples, all latites, clearly 
fall into the subalkalic field. The remainder fall into the 
alkalic field and show wide variation in (KgO + NagO) versus 
SiOg ratios, ranging from strong to mildly alkalic. 
Shonkinite and syenite samples are generally most alkalic with
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higher (KgO + NSgO) versus S1 0 2  ratios. Though the latite 
samples lie nearest the alkalic/subalkalic boundary, they 
grade to higher total alkalis and overlap with shonkinite and 
syenite samples.
An Na2 0  versus K2O geochemical plot is useful in separating 
shonkinite, syenite, latite, and pyroxenite into groups 
(Figure 23). With the exception of two spurious samples, BP- 
S65 and BP-S36A, the latite, shonkinite, syenite, and 
pyroxenite samples all tend to cluster into separate fields 
with little overlap. A notable trend towards higher total 
alkalis is illustrated by the dashed line which separates the 
shonkinite and pyroxenite fields from the syenite and latite 
fields. Note that although both syenite and latite lie above 
this dashed "higher total alkalis" line, the syenites are 
distinguished from the latites by their higher K2O content; K 2O 
in syenite is greater than 5.30 weight percent, K2O in latite 
is less than 5.35 weight percent.
A few samples appear to be abnormal and fall well outside the 
typical fields for related samples. The unusually high sodium 
content of BP-S36a (Figure 23) is probably a result of local 
sodium fenitization. In thin section, BP-S36a contains about 
2 0  % aegirine as abrupt rims on salite crystals and fine 
(late) groundmass needles. BP-S36a is a sample from a 
shonkinite dike cutting volcanic latitic country rocks (BP-
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S36b); BP-36b is somewhat depleted in sodium relative to 
other latites. Presumably, sodium diffused out of the (wet?) 
country rock (BP-S36b) and into the dike (BP-S36a).
Sample BP-S65 contains both abnormally low Na2 0  and very high 
K2O. BP-S65 is a sample from a syenite body containing 
numerous aegirine dikelets; the presence of these dikelets
suggests removal of sodium along fractures. The high K2O
probably reflects the high potassium feldspar content.
A plot of MgO versus CaO (Figure 24 ) shows three groups or 
clusters of samples; a group of pyroxenite samples, a group 
of shonkinite samples, and a mixed group of shonkinite,
syenite, and latite samples. The high CaO and MgO content of
the pyroxenite group presumably reflects the high proportion 
of salite in pyroxenite samples (see Table 4 for salite 
analyses). The shonkinite group shows wide range in magnesium 
content, from 16.62 to 7.74 weight percent. The range in 
magnesium seems largely a function of olivine content which 
ranges from a few percent to 15-20 percent (see Appendix IV). 
The trend toward lower calcium and magnesium in the mixed 
shonkinite, latite, and syenite group likely reflects the 
decrease in total mafic mineral content, especially salite and 
olivine. The cause of the breaks in the overall trend towards 
decreasing CaO and MgO is enigmatic, but these same breaks 
also show up on the MgO versus Si0 2  and CaO versus Si0 2
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diagrams.
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Figure 23. Na^O vs. K^O variation diagram showing distribution of shonk­
inite (solid squares), syenite (open squares), latite (diamonds), and 
pyroxenite (crosses) rock samples. See text for explanation.
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Figure 24. CaO vs. MgO variation diagram for the Bearpaw rock samples 
shows three groups or clusters of samples: a shonkinite group, a pyroxen­
ite group, and a mixed shonkinite, latite and syenite group. See text 
for explanation. Shonkinite- solid squares, syenite- open squares, 
latite- diamonds, pyroxenite- crosses.
CHEMICAL TESTS OF FRACTIONAL CRYSTALLIZATION AND MIXING 
The central problem to my study of the Bearpaw Mountains is 
to determine the association and relationship of the latitic 
and shonkinitic rocks. Of the mechanisms typically invoked, 
crystal fractionation, bulk assimilation, and magma mixing 
are most likely to have played a role at a province-wide 
scale. Magma immiscibility and diffusion, discussed 
elsewhere, may also have contributed to the evolution of the 
Bearpaw rocks but probably on a local scale.
In the following three-part section, I test fractional 
crystallization in Part I, and bulk assimilation and magma 
mixing in Part II by examining Marker diagrams showing major- 
and minor-element variation versus silica. In part III, I 
present a model to explain the pyroxenite-shonkinite-syenite- 
latite relationship, based again on variation diagrams.
PART 1. FRACTIONAL CRYSTALLIZATION
DISCUSSION
Crystal settling is the most commonly cited method of 
differentiation in a magma chamber. Factors controlling 
crystal fractionation include magma viscosity and density, 
the size, shape, and density of the fractionating crystals, 
and the depth, rate of cooling and amount of convection during 
fractionation.
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Fractional crystallization may involve the removal of crystals 
from the remaining melt through gravitational settling. Two 
assumptions thus follow: 1 . the fractionating crystal(s ) must
be early, and 2 . the crystals must be large and dense enough 
to sink. The shape of the crystal may also play a role; an 
equant crystal would sink more readily than a flat one of 
equal size and density.
Pecora (1941) and Fisher (1946) explained the variation in 
rock types in the Bearpaws through a "double fractionation" 
model. They believed partial melting of peridotite in the 
upper mantle produced a basaltic magma parental to all the 
Bearpaw rocks of both the alkalic and subalkalic suites. 
Differentiation following the normal Bowen's reaction series 
created felsic differentiates of latite and quartz latite (the 
subalkalic rocks). They proposed that plagioclase and 
hypersthene settled from the same parent basaltic magma "at 
great depth" leaving a residual subparent shonkinite magma 
which supplied the material for the alkalic rocks. However, 
evidence for a basaltic parental magma is lacking, both in 
the Bearpaws and elsewhere in the Central Montana Alkalic 
Province. No basalt or basaltic inclusions exist. In fact, 
the chilled mafic inclusions in the subalkalic latites are 
shonkinite. Furthermore, basalts do not contain potassium
feldspar, so no process of crystal fractionation could create 
shonkinite. Shonkinite, the most abundant rock of the
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Bearpaws, Is the more plausible parent mafic magma in the 
Bearpaws.
Pétrographie textures indicate that the order of 
crystallization of the major rock-forming minerals in the 
Bearpaw Mountains shonkinite is, from earliest to latest, 
apatite and olivine, salite, biotite and magnetite, sanidine, 
analcime, and nepheline. Where observed, accessory sphene 
appears to have formed about the same time as apatite, which 
is commonly completely enclosed in salite. Olivine is 
euhedral to subhedral and typically forms the largest 
phenocrysts, ranging from 0.5 mm up to 5 mm. Olivine is 
nowhere a groundmass mineral suggesting that olivine, either 
by a peritectic or induced reaction relationship, reacted with 
the melt to form new minerals. Salite also forms large, 
euhedral to subhedral phenocrysts, ranging from about 0.5 to 
3  mm, and began crystallizing with or shortly after olivine. 
In the volcanic shonkinites, olivine and salite (with apatite 
inclusions) are the only phenocrysts. Magnetite and biotite 
occur chiefly as small groundmass grains, or in reaction rims 
around olivine and salite. This suggests that reaction 
between the magma, and the olivine and salite crystals 
produced biotite and magnetite as by-products. In a few 
shonkinites, biotite occurs as late, extremely poikilitic 
grains enclosing all other mafic minerals. Sanidine, present 
mainly as small, simple twinned, interlocking, groundmass
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laths precipitated last. Local large (to 7 nun) zoned sanidine 
phenocrysts are present in the volcanic rocks where they 
formed later, poikilitically enclosing salite and olivine. 
Where present, nepheline and analcime precipitated about the 
same time as sanidine. Individual thin sections are described 
in Appendix IV.
I have not eliminated biotite from the ensuing fractional 
crystallization discussions, but pétrographie textures 
outlined above suggest biotite began crystallizing too late 
to have separated from the crystallizing melt and therefore 
it*s role as a fractionating phase is questionable. This 
leaves salite, olivine, and minor apatite (as inclusions in 
salite) as the only fractionating phases. Evidence 
eliminating biotite as a fractionating phase include: 1 )
biotite typically does not occur as phenocrysts in volcanic 
shonkinites, therefore was not a phenocryst in the magma, and 
thus could not have settled and accumulated, 2 ) biotite in 
coarser-grained shonkinites and in pyroxenite occurs as large 
poikilitic grains enclosing all other minerals, suggesting 
again that biotite crystallized late, rather than early as a 
phenocryst phase to be separated, and 3) although biotite is 
present as small grains in a few shonkinites, the small size 
coupled with its flat lath shape would probably prevent 
efficient separation.
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TABLE 3. Percentages and ratios of olivine, salite, and biotite in 
shonkinites and pyroxenites of the Bearpaw Mountains rocks. Samples 
BP-Sl1, -S20, -S24, -S27, -S35, -S39, and -871 are représentâtive 
end member shonkinites which appear uncontaminated, unaltered, and 
undifferentiated. The distinction between phenocrysts and nonphenocryst 
grains is important because the phenocrysts represent crystals that 
were present in a magma, and thus the only minerals that could have 
seperated (settled) through crystal fractionation. Samples with aster­
isks are volcanic and presumably quenched quickly; the phenocryst ratios 
preserved are probably most représentâtive of the Bearpaws shonkinite.
REPRESENTATIVE SHONKINITES
Sample % olivine % salite % biotite ! approximate ol:sa:biphenocr. phenocr. grains phenocr.:grains ! phenocryst ratios
BP-Sl1 12-15 0 40 0 : 10-12 ! 1 \ 2.9 : 0
BP-S20 10 0 40 0 : 10 ! 1 : 4 : 0BP-S24* 3 35-40 0 0 Î 0 ! 1 :12.5 : 0BP-S27 5 0 35-40 0 : 2-3 Î 1 : 7.5 : 0BP-S35* 5 30-35 0 0 : tr. •' 1 : 6.5 : 0BP-S39 5-10 3-4 44-47 0 ; 5 : 1 : 6.5 : 0
BP-S71» 10 30 0 0 : 2 5 I : 3 : 0
«Average Representative Volcanic Shon 1 5.5 0
Average Representative Shonk 1 5 0
OTHER SHONKINITES
BP-S16 Î 7-10 : 0 30-35 ! 2? ! 13 1 3.75 1.5
BP-S42* I 15-20 : 25 0 : 0 : 7 1 1.5 0
BP-S57 : 5-7 : 0 30 1 0 : 20-25 1 5 3.3
BP-S62* ! 0 : 25 0 : 0 : 20 0 1 0
BP-S50* 157. pseudo : 25 0 ! 0 : 0 1 5 0
BP-S56* : 8 I 10-15 0 1 6 : 6 1.3 2 1
BP-SB* :5% pseudo! 20 0 : 5-7 : 10-13 0 1.3 1
Average "Other" Shonkinite
PYROXENITES
BP-Sl4 ! 0 : N/A : 60-70 ! N/A : 15
BP-S68 ! 0 : N/A : 55-57 : N/A : 35-37
0112-mode ! V  i N/A I 70 ! N/A : 2 1
(1) AVERAGE % PHENOCRYSTS FOR REPRESENTATIVE VOLCANIC SHONKINITES;
6% olivine 33.3V. salite 0% biotite 
or 1 olivine : 5.5 salite : 0 biotite
(2) AVERAGE 7. PHENOCRVSTS FOR ALL VOLCANIC SHONKINITES:
6.5% olivine 26% salite 6% biotite 
or 1 olivine ; 4 salite : 1 biotite
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TABLE 4. Selected mineral analyses from Bearpaw Mountains and 
Highwood Mountains rocks. Samples with asterisks are plotted on 
Figures 26a - i for reference. Refer to Appendix VI for
addit ional analyses. SS» Shonkin Sag laccolith, Highwood
Mountains; HW« Highwood Mountains: BP* Bearpaw Mountains.
oxide (wt %)
FeO*A1 aOa
*BP-S16
(shonk)
5.50
1.17
0.34
N/A
0.41
SALITE
SS-2^ HW-23* *HW-1?2
(shonk) (shonk)_______ (shonk)
WM
6.68
3.13
0.700.14
0.71
0.07
■4BT7m
7.27
5.20
0.790.20
0.41
49.0m
7.10
5.23
0.90
0.19
0.33
BIOTITE *BP-Sl6 *HW-32 SS - 3 1
SiOa 36.69 34.56 36:83Al aOa 13.44 15.33 14.17
TiOa 3.47 5.76 2.98FeO* 18.58 13.34 18.36
MnO 0.22 0,18 0.34
MgO 13.28 14.28 13.94
CaO 0.04 0.06 0.75
Na 3 O 0.43 0.52 0.56
KaO 9.32 8.15 8.48
HaO+ N/A N/A 2.72
OLIVINE
BP r-*ncr« ® HWav*^ HWrer»^*^(shonkinites) (dikes & extrusives)
Foe^ Foaa— FOe^ Fo»o—77
ALKALI FELDSPAR (SANIDINE) *BP-S39 HW**
---------
PLAGIOCLASE FELDSPAR 
*BP-S18a Anorthite 
^ a t ite) ^|ener»U
A1 aOa
TiOa
FeO*
MgO
CaONaaOKaO
T77!21.02
1.68
4.39
18.81
0.090.82
0.390.9813.71
32.12
11.014.410.50
36.7
20.2
Sources; 1 Nash and Wilkenson (1970)
2 O'Brien et. al. (1988)
3 Fisher (1946)4 Larsen et. al. (1941)
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To test fractional crystallization I delineated an 
"uncontaminated" shonkinite field and a quartz latite field 
on each Marker diagram (Figures 25 and 26a-i) and infer that 
these fields contain relatively uncontaminated end-members. 
I designated the seven shonkinite samples, BP-Sll, BP-S20, 
BP-S24, BP-S27, BP-S35, BP-S39, and BP-S71, as
"representative" end member shonkinites which appear 
uncontaminated, unaltered, and have undergone relatively 
little differentiation. Samples BP-S2, BP-S6 , BP-S26, and 
BP-S55 are "representative" quartz latites. All contain 
essential quartz, plagioclase feldspar and sanidine.
For reasons above, I infer that olivine, salite, and perhaps 
biotite are the mineral phases that could have been removed 
from the shonkinite magma through fractionation, and have 
plotted them on the Marker diagrams and joined them by 
compositional tie lines. I determined the biotite and salite 
compositions through microprobe analysis of grains in BP-S16. 
Fo0 4 is the average composition of olivine in shonkinites in 
the northeastern Bearpaws (Fisher 1946). Several other 
minerals, from the Bearpaws and the Mighwoods, are also shown 
for reference. Refer to Table 4 for mineral analyses.
Six arrows are plotted on each diagram. Figure 25 is a 
simplified and annotated Marker diagram summarizing the 
arrows, fields, and symbols discussed in this section and
75
plotted on Figures 26a - i.
Arrow 1 shows a straight reference line from the center of 
the shonkinite field to the center of the quartz latite field, 
henceforth called the shonkinite - quartz latite trend. Note 
that this straight line crudely approximates the real trend 
from shonkinite to quartz latite. Under a crystal 
fractionation model, the trend may curve, depending on the 
order and relative amounts of crystallization of olivine and 
salite. Back projection of this "reference" trend from the 
shonkinite field to the mafic mineral triangle gives the 
relative proportions of olivine, salite, and biotite that 
would have to be removed from the shonkinite magma by crystal 
fractionation to produce the trend towards quartz latite. 
Points A, B, and C are example compositions within the 
triangle.
Arrow 2 shows the predicted differentiation trend produced by 
removing 1 part olivine and 5.5 parts salite from shonkinite 
magma by crystal fractionation. The olivine to salite ratio 
of 1  : 5 . 5  represents the relative proportions of olivine and 
salite phenocrysts in representative volcanic shonkinite 
samples (Table 3). I assume that both olivine and salite, the 
only phenocrysts in the representative volcanic shonkinites, 
were both crystallizing early from a melt in the proportions 
found in the quenched shonkinite samples. For reference, the
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average representative shonkinite contains about 8  % olivine, 
40 % salite, and 4 % biotite, as phenocrysts, reaction
minerals and groundmass grains (ratio of 1 : 5 : 0.5). The 
average representative volcanic shonkinite contains 6  %
olivine, 33.3 % salite, and 0 % biotite, or a ratio of 1  : 5.5 
: 0 (Table 3).
Arrow 3 shows the differentiation trend produced by removal 
of olivine, only, from shonkinite magma through crystal
fractionation.
Arrow 4 shows the differentiation trend produced by removal 
of salite, only, from shonkinite magma through crystal
fractionation.
Arrow 5 shows the differentiation trend produced by removal 
of biotite, only, from shonkinite magma through crystal
fractionation.
Arrow 6  shows the trend produced by removal of pyroxenite from 
the shonkinite magma by crystal fractionation. This is a 
variation on the crystal fractionation theme in that I remove 
the bulk composition of pyroxenite rather than specific 
minerals. The predicted mafic-mineral composition of the 
pyroxenite is given at the point where the line or trend 
projected back from shonkinite to pyroxenite intersects the 
mafic-mineral triangle. For reference, the average biotite
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pyroxenite contains 0 % olivine, 64 % salite, and 24 % 
interstitial biotite: the average biotite to salite ratio is 
1 : 2.6 (Table 3).
The six arrows plotted on each of the following Marker 
diagrams should be considered with the following question in 
mind: can removal of this (or these) mineral(s ) through the
mechanism of crystal fractionation produce the actual trend 
of the Bearpaw samples?
TESTS:
Al^Oq vs. SiO? (Figure 26a)
ARROW 1. The straight reference line from the center of the 
shonkinite field to the center of the quartz latite field (the 
shonkinite-quartz latite trend) shows a moderate increase in 
AI2O3 with increasing silica. Most samples follow but lie 
above this trend with the exception of two monzonites, BP-S21 
and BP-S61 , and a syenite BP-S65, all of which show strong 
enrichment in AI2O 3 .
Back projection of the shonkinite-quartz latite trend through 
the mafic-mineral triangle gives the following proportions
M *3
MAFIC-MINERAL
TRIANGLE
S i0 2  vs. A I203C«*. •)TT
REPRESENTATIVE LATl 
(PAREJIT M A G f ^
EPRESENTATIVE SHONKINITE 
(PARENT SHONK, MAGMA)
teim
ARROWS:
'Arrow 1. Shonkinite-quartz latite trend; a straight
reference line the center of the center of the latite 
field to the center of the shonkinite field. Back- 
%  projection of this reference trend from the shonkinite 
fi#ld to the mafic-mineral triangle gives the relative 
proportions of olivine, salite, and biotite that would 
have to be removed from the shonkinite magma by crystal 
fractionation to produce the trend towards quartz lat­
ite: Points A, B, and C are example compositions with­
in the triangle
Arrow 2. Predicted differentiationtrend produced by 
removing 1 part olivine & 3.5 parts salite from shonk­
inite magma by crystal fractionation. The 1 : 5.5 
olivine to salite ratio represents the observed pro­
portions of salite and olivine in representative vol­
canic shonkinites (Table 3.).
Arrows 3, 4, 5. Show the differentiation trends pro­
duced by removal of olivine, salite, and biotite, re­
spectively, from shonkinite magma through crystal 
fractionation.
Arrow 6.FIGURE 25. ANNOTATED BARKER DIAGRAM EXPLAINS THE FIELDS,
SYMBOLS, AND ARROWS PLOTTED ON FIGURES 26 a-i FRACTIONAL 
CRYSTALLIZATION TESTS DIAGRAMS. Shonkinite- solid squares, 
syenite- open squares, latite - diamonds, pyroxenite- cros­
ses. End-member shonkinite and quartz latite fields, labled 
SH and L, respectively, enclose relatively uncontaminated,
unanaltered, and undifferentiated samples and reflect the composition of the parent 
shonkinite and latite magmas. Pyroxenite "field" is labled P. Biotite, olivine, and 
salite compositions for Bearpaw minerals are plotted and joined by tie lines, resulting 
in a mafic-mineral triangle. Other minerals are also shown for reference : see Table 4
for analyses and abbreviations.
Shows the trend produced by bulk removal of 
pyroxenite from shonkinite. The predicted mafic-min­
eral composition of pyroxenite is given at point D.
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of mafic minerals that would have to be removed form 
shonkinite to produce the reference trend to quartz latite:
Point A. 0 % olivine; 38 % salite; 63 % biotite
Point B. 19 % olivine; 18.5% salite; 62.5% biotite
Point C. 38 % olivine; 0 % salite; 62 % biotite
Since the order of crystallization is olivine followed by 
salite followed by biotite, and biotite is not present as a 
phenocryst in typical volcanic shonkinites, fractionation of 
the mineral proportions shown at points A and C is 
unreasonable. Removal of the mineral proportions predicted 
at B is also unreasonable given the above argument, even 
though both olivine and salite are present as phenocrysts.
Removal of olivine (Arrow 3), salite (Arrow 4), biotite (Arrow 
5), or olivine + salite (Arrow 2) do not produce a trend 
towards quartz latite.
Removal of pyroxenite from shonkinite magma (Arrow 6 ) produces 
a trend showing strong increase in Al^O^ with increasing 
silica, away from the quartz latite field. Therefore, removal 
of pyroxenite from shonkinite does not produce quartz latite.
Note also that the predicted pyroxenite composition (point D) 
of 40 % biotite and 60 % salite (biotite to salite ratio of
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1 : 1.5) falls within the range of real pyroxenite
compositions as shown in Table 3. However, biotite is not a 
phenocryst mineral: in the pyroxenites, biotite occurs as
large poikilitic grains enveloping the earlier-formed salite 
crystals. Therefore, biotite could not have settled from 
shonkinite magma to form pyroxenite.
MgO vs. SiO, (Figure 26b)
ARROW 1. The reference trend projected from shonkinite to 
quartz latite shows MgO decreasing with silica. Although 
latite samples lie nearer the trend, most samples show loose 
correlation with the reference trend.
Back projection through the mafic-mineral triangle gives the 
following proportions of mafic minerals that would have to be 
removed from shonkinite to produce the reference trend to 
quartz latite:
Point A. 0 % olivine; 48 % salite; 52 % biotite
Point B. 5 % olivine; 24 % salite; 71 % biotite
Point C. 10 % olivine; 0 % salite; 90 % biotite
Since the order of crystallization is olivine followed by 
salite followed by biotite, and biotite is not present as a 
phenocryst in typical volcanic shonkinites, fractionation of 
the mineral proportions shown at points A and C are
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unreasonable. Removal of the mineral proportions predicted 
at B is also unreasonable given the above argument even though 
both olivine and salite are present as phenocrysts.
Arrows 2, 3, and 4 show trends away from quartz latite. Only 
Arrow 5 shows a general trend towards quartz latite, but 
higher in MgO. But, removal of 100 % biotite from shonkinite 
by crystal fractionation is unreasonable since olivine and 
salite formed before biotite and therefore would be removed 
in addition to biotite from shonkinite. Also, removal of any 
biotite is unlikely since biotite is not a phenocryst phase 
in typical shonkinite.
ARROW 6 . Removal of pyroxenite from shonkinite magma does 
give a trend towards the quartz latite field. Also, the
predicted pyroxenite composition (point D) of 40 % biotite
and 60 % salite (biotite to salite ratio of 1 : 1.5) falls 
within the range of pyroxenite compositions shown in Table 3.
However, biotite is not a phenocryst mineral: in the
pyroxenites, biotite occurs as large poikilitic grains
enveloping the earlier-formed salite crystals and therefore, 
biotite could not have settled from shonkinite magma to form 
pyroxenite. Hence, removal of pyroxenite from shonkinite 
cannot produce quartz latite.
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FeO* vs. SiO? (Figure 26c)
ARROW 1. The reference trend projected from shonkinite to 
quartz latite shows FeO* (total iron as FeO) decreasing with 
silica. Most samples correlate well with the theoretical 
trend.
Back projection through the mafic-mineral triangle gives the 
following proportions of mafic minerals that would have to be 
removed from shonkinite to produce the reference trend to 
quartz latite:
Point A. 0 % olivine; 6 6  % salite; 34 % biotite
Point B. 25 % olivine; 33 % salite; 42 % biotite
Point C. 50 % olivine; 0 % salite; 50 % biotite
Since the order of crystallization is olivine followed by 
salite followed by biotite, and biotite is not present as a 
phenocryst in typical volcanic shonkinites, fractionation of 
the mineral proportions shown at points A and C is 
unreasonable. Removal of the mineral proportions predicted 
at B is also unreasonable given the above argument even though 
both olivine and salite are present as phenocrysts.
Arrows 2, 3, and 4 show trends away from quartz latite. Only 
Arrow 5 shows a general trend towards quartz latite, but 
higher in FeO*. But, removal of 100 % biotite from shonkinite
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by crystal fractionation is unreasonable since olivine and 
salite formed before biotite and therefore would be removed 
from shonkinite in addition to biotite. Also, removal of any 
biotite is unlikely since biotite is not a phenocryst phase 
in typical shonkinite.
ARROW 6 . Removal of pyroxenite from shonkinite magma does 
not produce a trend towards the quartz latite field. For 
reference, the predicted pyroxenite composition (point D) of 
24 % biotite and 76 % salite (biotite to salite ratio of 1 : 
3) falls within the range of pyroxenite compositions given in 
Table 3.
CaO vs. SiO<> (figure 26d)
ARROW 1. The reference trend projected from shonkinite to 
quartz latite shows CaO decreasing with silica. Most samples 
follow the reference trend tightly but lie slightly below it, 
with the exception of BP-S65 which shows a strong depletion 
in CaO.
Back projection through the mafic-mineral triangle gives the 
following proportions of mafic minerals that would have to be 
removed from shonkinite to produce the reference trend to 
quartz latite:
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Point A. 53 % divine; 47 % salite; 0 % biotite
Point B. 23.5 % olivine; 53% salite; 23.5% biotite
Point C. 0 % olivine; 53 % salite; 47 % biotite
Removal of the mineral proportions predicted at point A of 53 
% olivine and 47 % salite (olivine to salite ratio of
approximately 1  : 1 ) is possible if olivine and salite were 
crystallizing concurrently and at about the same rate from a 
shonkinite magma. Note that the average olivine to salite 
ratio is 1 : 5.5 (Table 3).
Removal of the mineral proportions at points B and C contain 
biotite and are not reasonable given the arguments presented 
above for MgO vs. SiOz, Arrow 1.
Arrows 2, 3, 4, and 5 do not produce trend towards quartz 
latite.
ARROW 6 . Removal of pyroxenite from shonkinite magma does 
give a trend generally towards the quartz latite field though 
markedly lower in CaO. Also, the predicted composition of 
pyroxenite at point D of 49 % olivine and 51 % salite is 
consistent with crystal fractionation in that the olivine and 
salite that separates from shonkinite forms the pyroxenite and 
moves the residual melt composition in the direction of quartz 
latite. Note that although the removal of olivine and salite
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is appropriate since both minerals are phenocryst phases in 
the Bearpaw shonkinites, the ratio of olivine to salite (1 : 
1  ) is much higher than the average or typical volcanic 
shonkinite, 1 : 5.5 (Table 3).
K9O vs. SiO, (Figure 26e)
ARROW 1. The reference trend projected from shonkinite to 
quartz latite is flat, showing no change in KjO with silica. 
The latite samples lie closely along the trend but all of the 
syenite and shonkinite samples lie above the trend and show 
wide variation in KgO content.
Back projection through the mafic-mineral triangle gives the 
following proportions of mafic minerals that would have to be 
removed from shonkinite to produce the reference trend to 
quartz latite:
Point A. 0 % olivine; 52 % salite; 48 % biotite
Point B. 26 % olivine; 26 % salite; 48 % biotite
Point C. 52 % olivine; 0 % salite; 48 % biotite
Since the order of crystallization is olivine followed by 
salite followed by biotite, and biotite is not present as a 
phenocryst in typical volcanic shonkinites, fractionation of 
the mineral proportions shown at points A and C is 
unreasonable. Removal of the mineral proportions predicted
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at B is also unreasonable given the above argument, even 
though both olivine and salite are present as phenocrysts.
Arrows 2, 3, 4, and 5 do not produce trend towards quartz 
latite.
ARROW 6 . Removal of pyroxenite from shonkinite magma does 
not produce a trend towards the quartz latite field. For 
reference, the predicted pyroxenite composition (point D ) of 
37 % biotite and 63 % salite (biotite to salite ratio of 1  :
1.7) falls within the range of pyroxenite compositions given 
in Table 3.
Na?0 vs. SiO? (Figure 26f)
ARROW 1. The reference trend projected from shonkinite to 
quartz latite shows NagO increasing with silica. Samples 
correlate well with the projected trend with the exception of 
BP-S45 and BP-S36a, which show strong relative sodium 
enrichment and depletion, respectively. Arrows 1 and 5 are 
the same.
Back projection of the reference trend through shonkinite 
intersects the mafic-mineral triangle at a single point: 1 0 0  
% biotite. Removal of biotite alone from shonkinite through 
crystal fractionation is unreasonable since biotite is not a 
phenocryst phase and therefore could not have settled from
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the magma.
ARROWS 2, 3, and 4 do not produce a trend towards quartz
latite.
ARROW 6 . Removal of pyroxenite from shonkinite magma does 
give a trend towards the quartz latite field. However, 
biotite is not a phenocryst mineral: in the pyroxenites,
biotite occurs as large poikilitic grains enveloping the 
earlier-formed salite crystals and therefore, biotite could 
not have settled from shonkinite magma to form pyroxenite. 
Hence, it is not reasonable to remove pyroxenite from 
shonkinite to produce quartz latite.
Also, the predicted pyroxenite composition (point D) of 56 % 
biotite and 44 % salite (biotite to salite ratio of 1.3 : 1) 
does not fall within the range of pyroxenite compositions in 
Table 3.
MnO vs SiOo (Figure 26g)
ARROW 1. The reference trend projected from shonkinite to 
quartz latite shows MnO decreasing with increasing silica. 
All samples correlate well with the reference trend.
Back projection of the reference trend through shonkinite does 
not intersect the mafic-mineral triangle, therefore none of
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the mafic minerals can be removed in any proportion to produce 
the theoretical trend.
Arrows 2, 3, and 4 show trends away from quartz latite. Only 
Arrow 5 shows a general trend towards quartz latite, but 
higher in FeO*. But, removal of 100 % biotite from shonkinite 
by crystal fractionation is unreasonable since olivine and 
salite formed before biotite and therefore would be removed 
from shonkinite in addition to biotite. Also, removal of any 
biotite is unlikely since biotite is not a phenocryst phase 
in typical shonkinite.
ARROW 6 . Removal of pyroxenite from shonkinite magma does 
not produce a trend towards the quartz latite field. For 
reference, the predicted pyroxenite composition (point D) of 
6 1  % biotite and 39 % salite (biotite to salite ratio of 1.7: 
1 ) falls within the range of pyroxenite compositions given in 
Table 3.
Tip? vs. SiO? (Figure 26h)
ARROW 1. The reference trend projected from shonkinite to 
quartz latite shows TiOg decreasing slightly with increasing 
silica. All samples lie along the trend.
Back projection through the mafic-mineral triangle gives the 
following proportions of mafic minerals that would have to be
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removed from shonkinite to produce the reference trend to 
quartz latite:
Point A. 0 % olivine; 8 8  % salite; 12 % biotite
Point B. 37 % olivine; 44 % salite; 19 % biotite
Point C. 74 % olivine; 0 % salite; 26 % biotite
Since the order of crystallization is olivine followed by 
salite, followed by biotite, and biotite is not present as a 
phenocryst in typical volcanic shonkinites, removal of the 
mineral proportions shown at points A and C is unreasonable. 
C lacks salite and has appreciable biotite. A and B have only 
modest amounts of biotite and are more reasonable.
ARROWS 2, 3, 4, and 5 do not produce a trend towards quartz 
latite.
ARROW 6 . Removal of pyroxenite from shonkinite magma does 
not produce a trend towards the quartz latite field. For 
reference, the predicted pyroxenite composition (point D) of 
27 % biotite and 7 3  % salite (biotite to salite ratio of 1  :
2 .7 ) falls within the range of pyroxenite compositions given 
in Table 3.
P̂ Oĉ  vs. SiO? (Figure 26i)
ARROW 1. The reference trend projected from shonkinite to
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quartz latite shows P2O5 decreasing slightly with increasing 
silica. All samples lie along the trend. However, since 
olivine, biotite and salite do not contain phosphorus in their 
crystal lattices, it is not reasonable to explain the 
variation of PgOg in terms of crystal settling of these three 
minerals.
Apatite is the dominant phosphorus-bearing mineral in the 
Bearpaws. A typical shonkinite contains less than 1 % apatite 
and pyroxenites contain 5-7 %. Pétrographie studies show that 
much of the apatite present in shonkinite is as small crystal 
inclusions in salite. Therefore, if salite were removed from 
a shonkinite magma by crystal fractionation, the apatite 
trapped in the salite crystals would also be removed.
If a tie line were drawn between apatite and salite, the 
proportion of apatite in salite would be a fraction of a 
percent and the combination would plot very near to pure 
salite, at say 0.5 weight percent P2O 5 . Removal of this 
composition from shonkinite would thus give a trend nearly 
identical to removal of pure salite (Arrow 4), away from 
quartz latite. Therefore, removal of salite, olivine, or 
biotite does not produce a trend to quartz latite.
SUMMARY OF FRACTIONAL CRYSTALLIZATION TEST
The above test demonstrates that latite and quartz latite were
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not generated by crystal separation of the mafic minerals from 
a parent shonkinite magma.
Shonkinite is the dominant igneous rock in the Bearpaws. 
Except for pyroxenite which cannot form a magma, shonkinite 
is the only mafic rock type in the Bearpaw Mountains. Thus, 
shonkinite is the only reasonable mafic parent magma from 
which minerals could have separated through crystal 
fractionation.
Olivine and salite are, with rare exception, the only 
phenocryst phases in shonkinite and therefore the only 
minerals that could be removed from a melt by crystal 
fractionation. In none of the variation diagrams did the 
removal of olivine alone (Arrow 3), salite alone (Arrow 4),
or olivine and salite together (Arrow 2) produce a trend from
shonkinite towards quartz latite.
Removal of biotite alone (Arrow 5) from shonkinite produced
a trend towards latite for MgO, FeO*, NagO, and MnO. However, 
since biotite is not a phenocryst phase and could not have 
been removed early from shonkinite (especially without olivine 
and salite), these trends are not plausible.
Removal of pyroxenite from shonkinite produced a trend towards 
quartz latite for MgO and CaO. However, the predicted
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composition of pyroxenite calculated from the MgO diagram is 
unreasonable because it would require removal of 40 % biotite 
and biotite is not a possible fractionating phase. 
Therefore, removal of pyroxenite from shonkinite to form 
quartz latite is plausible only for CaO.
Finally, back projection of the shonkinite-quartz latite trend 
(Arrow 1) from the shonkinite field to the mafic mineral 
triangle was reasonable only for CaO.
PART II MAGMA MIXING/BULK ASSIMILATION
Arrow 1 can be used again to examine the mechanisms of magma 
mixing and bulk assimilation (Figures 26a - 26i). As outlined 
above, the shonkinite and quartz latite fields are considered 
end-members. Samples in the shonkinite field are considered 
representative of the uncontaminated, relatively 
undifferentiated parent mafic alkalic magma in the Bearpaws. 
Samples falling in the quartz latite field represent the most 
felsic, subalkaline end-member. The quartz latite end-member 
field must have been a magma since the most common occurrence 
of quartz latite is as massive, homogeneous, high-level 
plutons and as dikes cutting the other rocks. Also, the 
plutons contain abundant fine-grained shonkinite inclusions 
which appear to have chilled against the latite. The 
alternative to a latite magma is solid granitoid crustal rocks
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which could be subject to bulk assimilation by a shonklnltlc 
magma. However, the composition of an end-member quartz 
latite is too felsic to represent average crustal rock subject 
to assimilation, for reasons outlined above. In either 
mechanism, however, the geometric argument is similar: 
"mixing" of shonkinite magma with varying amounts of quartz 
latite magma or quartz latitic composition crustal rocks 
produces a straight-1 ine trend from shonkinite to quartz 
latite (Arrow 1).
Figures 26a through 261 show that, for every oxide, most 
samples correlate well with the straight-line trend between 
the shonkinite and quartz latite fields (Arrow 1) and that 
"contaminated" shonkinites and "contaminated" latites (i.e. 
shonkinite mixed with X % latite component and latite mixed 
with Y % shonkinite component respectively) are fairly evenly 
distributed along that trend.
Note that the pyroxenite field does not lie along this 
straight-line trend for any of the oxides (with the possible 
exception of NagO) suggesting a different origin or process 
for the formation of pyroxenite.
In summary, bulk "mixing" of the end member shonkinite field 
in various amounts with the end member quartz latite field 
produces a straight-line trend (Arrow 1) for every oxide.
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The distribution of shonkinite, latite, and quartz latite 
along this trend supports this process. The distribution of 
pyroxenite, and to a lesser extent, syenite, cannot be 
explained by this process. Their origin is discussed below.
PART III MODEL: COMBINED DIFFERENTIATION AND MIXING
In Part I of this section I tested the role of fractional 
crystallization in the generation of the various rock types 
in the Bearpaw Mountains and concluded that neither crystal 
settling of olivine and salite nor bulk removal of pyroxenite 
from shonkinite can produce latite and quartz latite. In Part 
II, I explained the distribution of shonkinite, latite, and 
quartz latite through "mixing" shonkinite with various amounts 
of quartz latite, producing a linear trend between the two 
end-members, but could not account for the distribution of 
pyroxenite, and to a lesser extent, syenite. In this section, 
I present a model that combines differentiation and magma 
mixing in order to explain the relation and association of 
pyroxenite, shonkinite, syenite, latite, and quartz latite.
Most workers agree that the pyroxenites in the Bearpaw 
Mountains were derived from shonkinite through some form of 
fractionation (Pecora 1940; Fisher 1946; Hearn 1959; Kaplafka 
1979). If syenite is the felsic differentiate of shonkinite 
and pyroxenite is the mafic differentiate, then bulk addition
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of pyroxenite to syenite should theoretically yield 
shonkinite. To test this hypothesis, I graphically remove 
pyroxenite from shonkinite and show this as an arrow from the 
center of the pyroxenite field, projected through the center 
of the shonkinite field to show the trend towards an inferred 
syenite field (Figures 27a - 27i). The projected trend 
correlates with the actual syenite trend for only two oxides, 
those of potassium and magnesium. All other oxides show a 
distinct bend in the pyroxenite-shonkinite-syenite trend. A 
plausible explanation for this bend is "mixing” of latite in 
varying amounts with the shonkinites and syenite 
differentiates.
Refer to each of the Marker diagrams again : a new field from
the quartz latite field to the shonkinite field I call "mixed 
shonkinite/syenite and latite field" is shown. In general, 
all of the latite samples and most of the shonkinite and 
syenite samples fall within this field.
I suggest that uncontaminated shonkinite and syenite, showing 
all gradations from mafic to felsic, would theoretically lie 
along the arrow labelled syenite trend. But mixing of these 
various shonkinites and syenites in various amounts with 
quartz latite changes the composition, resulting in the mixed 
shonkinite and latite trend shown. In general, bulk addition
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Figure 27 a-j. Marker diagrams Illustrating combined magma mixing and 
differentiation trends for the Bearpaw Mountains rocks, Shonkinite- 
solid squares, syenite- open squares, latite- diamonds, pyroxenite- 
crosses. End-member shonkinite and quartz latite fields, labled SH and 
L respectively, enclose relatively uncontaminated, unaltered, and un­
differentiated samples and reflect the composition of the parent shonk­
inite and latite magmas. Arrow shows inferred pyroxenite-shonkinite- 
syenite differentiation trend. Field labled MIXED SHONKINITE/SYENITE & 
LATITE shows inferred mixing between shonkinite and latite, and to a 
lesser extent syenite and latite, resulting in a continuum of compo­
sitions between shonkinite and latite end-members.
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Figure 27 a-j. Barker diagrams Illustrating combined magma mixing and 
differentiation trends for the Bearpaw Mountains rocks. Shonkinite» 
solid squares, syenite» open squares, latite» diamonds, pyroxenite» 
crosses. End-member shonkinite and quartz latite fields, labled SH and 
L respectively, enclose relatively uncontaminated, unaltered, and un­
differentiated samples and reflect the composition of the parent shonk­
inite and latite magmas. Arrow shows inferred pyroxenite-shonklnlte- 
syenlte differentiation trend. Field labled MIXED SHONKINITE/SYENITE & 
LATITE shows Inferred mixing between shonkinite and latite, and to a 
lesser extent syenite and latite, resulting in a continuum of compo­
sitions between shonkinite and latite end-members.
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Figure 27 a-j. Marker diagrams illustrating combined magma mixing and 
differentiation trends for the Bearpaw Mountains rocks. Shonkinite- 
solid squares» syenite- open squares, latite- diamonds, pyroxenite- 
crosses. End-member shonkinite and quartz latite fields, labled SH and 
L respectively, enclose relatively uncontaminated, unaltered, and un­
differentiated samples and reflect the composition of the parent shonk­
inite and latite magmas. Arrow shows inferred pyroxenite-shonkinite- 
syenite differentiation trend. Field labled MIXED SHONKINITE/SYENITE & 
LATITE shows inferred mixing between shonkinite and latite, and to a 
lesser extent syenite and latite, resulting in a continuum of compo­
sitions between shonkinite and latite end-members.
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Figure 27 a-j. Marker diagrams illustrating combined magma mixing and 
differentiation trends for the Bearpaw Mountains rocks. Shonkinite- 
solid squares, syenite- open squares, latite- diamonds, pyroxenite- 
crosses. End-member shonkinite and quartz latite fields, labled SH and 
L respectively, enclose relatively uncontaminated, unaltered, and un­
differentiated samples and reflect the composition of the parent shonk­
inite and latite magmas. Arrow shows inferred pyroxenite-shonkinite- 
syenite differentiation trend. Field labled MIXED SHONKINITE/SYENITE & 
LATITE shows inferred mixing between shonkinite and latite, and to a 
lesser extent syenite and latite, resulting in a continuum of compo­
sitions between shonkinite and latite end-members.
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Figure 27 a-j. Marker diagrams Illustrating combined magma mixing and 
differentiation trends for the Bearpaw Mountains rocks. Shonkinite* 
solid squares, syenite* open squares, latite* diamonds, pyroxenite* 
crosses. End-member shonkinite and quartz latite fields, labled SH and 
L respectively, enclose relatively uncontaminated, unaltered, and un­
differentiated samples and reflect the composition of the parent shonk­
inite and latite magmas. Arrow shows inferred pyroxenite-shonklnite- 
syenite differentiation trend. Field labled MIXED SHONKINITE/SYENITE & 
LATITE shows inferred mixing between shonkinite and latite, and to a 
lesser extent syenite and latite, resulting in a continuum of compo­
sitions between shonkinite and latite end-members.
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of quartz latite to shonkinite and syenite has the effect of 
"pulling" the predicted fields to the right, towards higher 
silica. It "pulls" the predicted trends down for AI2O3 , FeO*, 
MnO, and NagO and "pushes" them higher (i.e., latite adds 
these constituents) for CaO and PgOg.
Addition of quartz latite to shonkinite and syenite had little 
effect on the predicted syenite trend for KgO since the amount 
of KgO in latite is essentially the same as for shonkinite.
Figure 28 schematically summarizes the combined magma mixing 
and differentiation model described above: the parent
shonkinite magma undergoes local differentiation to form 
pyroxenite and syenite. A coeval parent quartz latite magma 
mixes with shonkinite magma to produce "mixed magmas" 
intermediate to the end mémber shonkinite and quartz latite.
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Figure 28. Cartoon of combined magma mixing and differentiation model 
for the Bearpaw Mountains. Under this model, two co-existing magmas, 
alkalic shonkinite and subalkalic latite, mix in varying proportions 
to produce intermediate rocks with affinities to both suites. In 
addition, the shonkinite magma undergoes differentiation to produce 
the volumetrically minor syenites and pyroxenites of the Bearpaw 
Mountains.
DISCUSSION AND CONCLUSIONS
A model of magma mixing best explains the relation and 
association of alkalic and subalkalic rocks in the Bearpaw 
Mountains and accounts for the chemical and mineralogical 
gradation between the suites (Part 111 Combined 
Differentiation and Mixing, p. 104-112). Magma mixing implies 
that the two end members, shonkinite and quartz latite, 
existed in the liquid phase in the same place and at the same 
time. This contrasts with assimilation which requires that 
one end member is shonkinite magma and the other solid crustal 
rock, and fractional crystallization in which various magmas 
and/or cumulates are derived from a single magma.
Shonkinite is the parent mafic magma in the Bearpaw igneous 
complex; upper mantle peridotite inclusions in shonkinitic 
rocks support a mantle source. Heat from the shonkinite magma 
melted the granitoid crustal rocks to form a separate felsic 
magma, quartz latite. Latite and shonkinite magmas mixed in 
variable proportions prior to eruption and shallow 
emplacement, and produced rocks showing a complete 
compositional range from shonkinite to quartz latite (Figure 
29). In addition to mixing with latite, shonkinite locally 
differentiated to produce syenite and biotite pyroxenite 
(Figure 28 ).
In summary 1  conclude the following:
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1 • Two separate magmas were produced in the Bearpaws and they 
existed together in the same place and during the same time. 
The mafic magma was alkalic shonkinite and the felsic magma 
was subalkalic quartz latite.
Evidence: a) mutually crosscutting relations
b) mutual inclusions
c) interlayered latitic and shonkinitic 
volcanics
d) plutons of latite/quartz latite 
(indicating the felsic subalkalic end- 
member was a magma).
e) chilled shonkinite in latite
f) "mingling" shonkinite and latite
g) complete chemical and mineralogical 
gradation from end-member shonkinites to 
end-member quartz latites
2. Shonkinite and latite magmas mixed in varying amounts to 
produce the range of intermediate rock types. Shonkinite 
underwent differentiation to form proportionately minor 
syenite and pyroxenite.
3. Variation in major and minor elements show straight-line 
trends between the shonkinite and quartz latite fields, 
supporting bulk mixing of variable proportions of shonkinite 
and quartz latite. The alternate hypothesis, that latite
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formed through differentiation of shonkinite, is not supported 
by the variation diagrams: graphical removal of any
reasonable proportions of the mafic minerals from shonkinite 
produces trends away and not towards the quartz latite field 
(with the exception of CaO).
4. The presence of hypersthene in shonkinite and its 
occurrence as a reaction mineral rimming olivine indicates 
silica was added to the shonkinite magma after crystallization 
began, and it reacted with the olivine to form hypersthene.
5. Shonkinite was derived by partial melting of the mantle. 
Ultramafic xenoliths of dunites, wehrlites, and harzburgites 
(Hearn 1989b) suggest a mantle source. The low silica content 
of shonkinite also dictates a mantle source.
6 . Latite was derived by partial to complete melting of 
granitoid crustal rocks.
BEARPAW MTNS.
Phonerozoic Sedimentory Rocks 1.5 km.
UJ
Crystalline Bosement Rocks 
(Granitoid gneisses, amphibolites etc.)
50 km.
to
Crustol melting to 
form LATITE
MOHO
MantleSHONKINITE
/MAGMA
(Deeper Mantle Source)
Figure 29. Schematic cross section of the Bearpaw Mountains, Montana
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APPENDIX I
CHEMICAL ANALYSIS - METHODS, PRECISION, AND ACCURACY
I collected forty-five rock samples for major and trace 
element analysis. Nine were selected for rare-earth element 
analysis in addition. The samples were analyzed by automatic 
x-ray spectrometry for SiOj, Al^O^, TiOg, FegO^, MnO, CaO, MgO, 
K2O, NagO, P2 O5 (as oxides, wt. percent). Ni, Cr, Sc, V, Ba, 
Rb, Sr, Zr, Y, Nb, Ca, Cu, Zn, Pb, La, Ce, and Th (as element, 
ppm), at the university of Washington, Pullman, Wa. Results 
were normalized on a volatile-free basis and printed out with 
iron expressed as FeO. No significant contamination of any 
sample is evident.
Sample Preparation
I collected about 10 pounds of fresh, unaltered rock for each 
sample and removed any weathered surfaces using a rock hammer 
in the field. I tried to collect samples free of inclusions. 
I reduced the samples to chips in a jaw crusher and then 
pulverized the chips to about 2  mm using a disk grinder with 
ceramic plates.
At the University of Washington laboratory about 24 cc of the 
above material is emptied into a Tema swigmill with tungston 
carbide surfaces and milled for 2 minutes. Three and one half
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grams of this rock powder is then mixed with 7 . 0  grams of 
spec, pure lithium tetraborate for 10 minutes. This mixture 
is then fused for 5 minutes at 1000 degrees C in 24 crucibles. 
The resulting beads are then reground in the Tema swigmill for 
35 seconds and then refused for 5 minutes.
After the second fusion the lower flat surfaces of the glass 
beads are ground on a lap with 240 SiC grit for 10 seconds, 
with 600 SiC grit for 10 seconds, and finished on a glass 
plate , briefly, with 600 grit. The beads are then 
ultrasonically washed, dried, and loaded into the x-ray 
fluorescence spectrometer (XRF).
XRF Analysis
Analyses are made by comparing the x-ray intensities for each 
element of the unknown samples with those of eight 
international standards. The standards are recalibrated every 
three weeks or after a run of between one and two hundred 
unknown samples.
Precision
Two fused tetraborate bead samples are used as internal 
standards. They are run every 28 samples to provide a check 
on instrumental performance and a measure of instrument 
precision.
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Accuracy
Absolute accuracy is impossible to quantify as no absolute 
standards are available. The best estimate of accuracy is 
derived from standard sample calibration curves shown as best 
straight line computer fit through plots of x-ray intensity 
versus "theoretical intensity". The scatter of points about 
this line is a measure of accuracy of the method for each 
element.
For trace elements the precision for Ni, Cr, Sc, V, and Ba is 
significantly less than for Rb, Sr, Zr, Nb, Y, Ga, Cu, and Zn. 
Each of the elements Ni, Cr, Sc, V, and Ba can be regarded 
only as semi-quantitative below 30 ppm. Rb, Sr, Zr, Nb, and 
Y have satisfactory precisions and accuracies down to 10 ppm.
APPENDIX II ANALYTICAL RESULTS 
Unnormalized and Normalized results (wt, %) and Trace elememts (ppm) 
Laboratory: Washington State University, Pullman, Wa., 99163
KEY TO ROCK NAMES:
(1) Latite/Monzonite
(2) Plag. Shonk i ni te/vole. shonk
(3) Shonkinite/volc. Shonkinite
(4) Peldspathold Shonk/volc. Shonl
(5) Clinopyroxenite
Trachyte(2a) Plag. Syenite/Plag.
(3a) Syenite/Trachyte 
(4a) Feldspathoid Syenite/Phonolite
Rock Name *(1) (1) *(3) (1) (1) (4) (3A)Sample: BP-S2 BP—S6 BP-S8 BP-S9 BP-SIO BP-Sll BP-S12
NORMALIZED RESULTS (WT. 7.) :
Si02 67.65 68.98 57. 10 63.65 60.54 48.31 57.24A1203 15.22 16. 14 13.69 14.42 13.35 9.11 16.59Ti02 0.251 0.222 0.628 0. 361 0.421 0.626 0.572FeO 2.62 2.03 6.64 4.00 5. 10 8.81 6.49MnO 0.062 0.051 0. 144 0.089 0. 101 0. 185 0. 121CaO 2.29 1.71 5.72 3.86 4.92 10.96 4.03MgO 2.15 0.69 6.99 4.79 7.33 13.08 2.24K20 4.86 4.57 5.29 4.20 4.31 6.65 7.93Na20 4.76 5.50 3.43 4.40 3.64 1.08 4.37P205 0. 136 0.096 0.356 0.229 0.303 1.189 0.423
K20+Na20 9.62 10.07 8.72 8.60 7.95 7.73 12.30
UNNORMALIZED RESULTS (WT. */.).
Si02 68.57 69.99 57.76 64.34 60.59 48.64 57.98
A1203 15.43 16.38 13.85 14.58 13.36 9. 17 16.81
Ti02 0.254 0.225 0.635 0.365 0.421 0.630 0.579
FeO 2.66 2.06 6.72 4,04 5.10 8.87 6.57
MnO 0.063 0.052 0. 146 0.090 0. 101 0. 186 0. 123
CaO 2.32 1.74 5.79 3.9 4.92 11.03 4.08
MgO 2. 18 0.70 7.07 4.84 7.34 13. 17 2.27
K20 4.93 4.64 5.35 4.25 4.31 6.70 8.03
Na20 4.82 5.58 3.47 4.45 3.64 1.09 4.43
P205 0. 138 0.097 0.360 0.231 0.303 1.197 0.429
TOTAL: 101.365 101.464 101.151 101.086 100.085 100.683 101.301
TRACE ELEMENTS (PPM):
Ni 54 21 154 129 192 288 14
Cr 98 10 345 249 395 384 4
Sc 7 2 17 12 12 35 11
V 48 39 141 62 95 120 155
Ba 2063 1704 2644 2126 2118 2169 4029
Rb 142 142 167 127 135 281 193
Sr 857 929 936 820 792 793 1834
Zr 173 187 181 138 128 62 187
Y 16 16 25 17 17 20 21
Nb 13.4 15.0 15.3 11.2 10. 1 3.0 11.9
Ga 14 14 13 14 10 8 15
Cu 27 23 50 38 43 21 36
Zn 40 44 81 48 55 67 76
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Rock Name (5) *(3) (4) (1) (4) (1) (3A>Samp 1e: BF-S14 BP-S16 BP-S20 BP-S21 BP-S24 BP-S25a BP-S25b
NORMALIZED RESULTS (WT. */.) :
Si02 47.60 50.69 48.08 56.53 50.31 57. 17 56.70A1203 4.27 10.49 7.70 17.02 12. 12 15.06 14.90Ti02 0.852 0. 989 0.485 0.613 0.846 0.522 0.529FeO 7.72 9.79 8.11 6.70 9.16 6. 12 6.21MnO 0. 199 0. 185 0. 166 0. 143 0. 189 0. 136 0. 135CaO 18.64 9.55 10.80 5.86 10.44 5.71 6. 19MgO 14.55 9.48 16.62 3.01 8.52 6.04 5.66K20 2.72 6.37 6. 17 5.35 5. 55 5.38 6.22Na20 1.06 1.47 0.64 4.26 2.04 3.43 2.97F205 2.392 0.989 1.226 0.521 0.825 0.432 0.481K20+Na20 3.78 7.84 6.81 9.61 7.59 8.81 9. 19
UNNORMALIZED RESULTS (WT. 7.).
Si02 47.82 51.00 48.66 57. 14 50.60 57.03 55.95A1203 4.29 10.55 7.79 17.20 12. 19 15.02 14.70
Ti02 0.856 0.995 0.491 0.620 0.851 0.521 0.522
FeO 7.76 9.85 8.21 6.77 9.21 6. 10 6. 13
MnO .200 0. 186 0. 168 0. 145 0. 190 0. 136 0. 133
CaO 18.73 9.61 10.93 5.92 10.50 5.70 6.11
MgO 14.62 9.54 16.82 3.04 8.57 6.02 5.58
K20 2.73 6.41 6.24 5.41 5.58 5.37 6. 14
Na20 1.06 1.48 0.65 4.31 2.05 3.42 2.93
P205 2.403 0.995 1.241 0.527 0.830 0.431 0.475
TOTAL: 100.469 100.616 101.2 101.082 100.571 99.748 98.67
TRACE ELEMENTS (PPM) .
Ni 175 182 448 16 38 158 151
Cr 260 310 630 7 298 237 245
Sc 65 32 38 17 31 15 16
V 201 249 110 114 234 138 151
Ba 2357 3602 1802 2425 2680 3776 3764
Rb 114 163 277 142 137 109 183
Sr 829 1207 884 1174 1000 1668 853
Zr 117 136 66 178 136 222 198
Y 28 26 21 22 23 23 22
Nb 5.5 11.3 7.0 13.1 9. 1 13.2 13.9
Ga 7 - 12 8 14 13 13 17
Cu 16 64 30 48 33 45 37
Zn 95 94 68 94 93 81 73
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Roc k Name (1) (4) (4) (1) (4) * (3)Sample: BP-S26 BP-S27 BP-S35 BP“S36a BP-S36b BP-S39 BF-S42
NORMALIZED RESULTS (WT. %):
Si02 66.54 52.49 50.25 49.88 61.70 52. 11 53.39A1203 15.55 13.46 11.35 13.47 15.88 12.30 12. 16Ti02 0.282 0.645 0. 980 1. 146 0. 353 0. 595 0.508FeO 3. 17 8. 12 9.81 11.83 3.30 7.95 7.42MnO 0.069 0. 155 0.216 0.349 0.111 0. 149 0. 141CaO 2.78 8.96 11.06 9.32 3.29 8. 10 6.47MgO 2.43 8.33 9.06 3.65 2.32 11.06 12.38
K20 4.42 4.92 2.63 0,34 10.07 4.62 4.31
Na20 4.57 2.37 3.88 9.39 2.79 2.55 2.80
P205 0. 186 0.549 0.762 0.623 0. 179 0.567 0.417
K20+Na20 8.99 7.29 6.51 9.73 12.86 7. 17 7.11
UNNORMALIZED RESULTS (WT. %) :
Si02 66.53 53.07 50.37 48.95 62.11 52.74 54.22
Al 203 15.55 13.61 11.38 13.22 15.99 12.45 12.35
Ti02 0.282 0.652 0.982 1.125 0.355 0.602 0.516
FeO 3. 17 8.21 9.83 11.61 3.32 8.05 7.54
MnO 0.069 0. 157 0.217 0.342 0. 112 0. 151 0. 143
CaO 2.78 9.06 11.09 9. 15 3.31 8.20 6.57
MgO 2.43 8.42 9.08 3.58 2.34 11. 19 12.57
K20 4.42 4.97 2.64 0.33 10.14 4.68 4.48
Na20 4.57 2.40 3.89 9.21 2.81 2.58 2.84
P205 0. 186 0.555 0.764 0.611 0.180 0.574 0.423
TOTAL: 99.987 101.104 100.243 98.128 100.667 101.217 101.552
TRACE ELEMENTS (PPM)
Ni 57 93 78 53 49 240 350
Cr 98 334 382 80 95 538 683
Sc 8 29 33 19 10 27 22
V 49 183 250 452 82 171 118
Ba 1751 1847 2478 8577 2945 1988 1633
Rb 125 193 59 23 307 127 173
Sr 652 755 1143 2581 1264 824 736
Zr 144 108 163 457 215 108 120
Y 14 21 26 39 25 18 16
Nb 8. 1 8. 1 12. 1 44.8 16. 1 7.8 8.5
Ga 15 15 10 11 21 12 11
Cu 25 68 60 213 22 63 40
Zn 54 76 104 137 57 72 67
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Rock Name 
Sample:
(1)
BP-S43
(1 )
BP-S44
(1 )
BP-S45
(1 ) 
BP-S46
(1>
BP-S47
(1)
BP-S48
NORMALIZED RESULTS (WT. 7.)
(3>
BP-S50
Si02 59. 13 63.92 66. 82 57.75 59.37 64.34 55.76A1203 14. 18 15.11 15. 15 14.58 14.55 14.86 13.40Ti02 0.473 0.353 0.295 0.699 0.530 0.343 0.817FeO 5.49 3.97 2.58 7.07 6.01 3.81 8.28MnO 0. 115 0.071 0.061 0. 134 0. 128 0.078 0. 148CaO 5.07 3.62 1.31 6.25 5.45 3.33 7.36MgO 6.44 3.08 1.44 4.43 4.60 3. 19 5.67
K20 5. 10 4.59 5.05 4.05 4.89 4.85 5.53
Na20 3.63 5.03 7. 17 4.52 4.06 4.94 2.45P205 0.350 0.276 0. 130 0.529 0.422 0.250 0.576
K20+Na20 8.73 9.62 12.22 8.57 8.95 9,79 7.98
UNNORMALIZED RESULTS (WT. 7.):
Si02 59.55 63.97 67.87 57.28 57.67 64.44 55.93
A1203 14.28 15. 12 15.39 14.46 14. 13 14.88 13.44
Ti02 0.476 0.353 0.300 0.693 0.515 0.344 0.820
FeO 5. 53 3.97 2.62 7.01 5.84 3.82 8.31
MnO 0. 116 0.071 0.062 0. 133 0. 124 0.078 0. 148
CaO 5. 11 3.62 1.33 6.20 5.29 3.34 7.38
MgO 6.49 3.08 1.46 4.39 4.47 3.20 5.69
K20 5. 14 4.59 5. 13 4.02 4.75 4.86 5.55
Na20 3. 66 5.03 7.28 4.48 3.94 4.95 2.46
P205 0.352 0.276 0.132 0.525 0.410 0.250 0.578
TOTAL: 100.704 100.08 101.574 99.191 97.139 100.162 100.306
TRACE ELEMENTS (PPM):
Ni 166 56 41 31 70 82 35
Cr 312 123 51 129 212 150 208
Sc 16 10 6 21 17 10 25
V 108 61 46 153 102 76 189
Ba 2633 2392 1050 2747 1947 2610 1922
Rb 163 124 222 78 124 136 179
Sr 971 922 377 742 461 1026 718
Zr 190 155 284 149 137 177 160
y 21 17 23 23 22 18 24
Nb 14.2 12.5 39.4 9.3 12.0 15.6 13.4
Ga 11 13 19 17 14 12 14
Cu 38 22 7 42 65 25 32
Zn 68 39 51 87 82 46 94
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Rock Name 
Sample:
(3A)
BP-S51
*(2 )
BP-S52
(1 )
BP-S53
(3A)
BP-S54
(1 )
BP-S55
"(3)
BP-S56
NORMALIZED RESULTS (WT. %):
(3)
BP-S57
Si02 60. 18 51.44 62.96 61.51 69.83 56.96 51.61A1203 14.37 14.08 14.97 15.54 14.91 13.91 9.95Ti02 0.424 0.720 0.380 0.385 0.262 0.426 0.662FeO 4.82 7.56 3.62 4.38 2.05 6.07 8.22MnO 0.112 0. 133 0.095 0.096 0.044 0.115 0. 161CaO 4.35 9.53 4. 17 3. 17 1.68 4.27 7.30MgO 5.31 9.00 4.69 3.03 1.01 6.71 14.88K20 5. 55 4.05 5.02 6.53 4.69 7.07 4.46Na20 4.55 2.98 4.03 5.08 5.41 4.02 2. 19P2D5 0.327 0.516 0.246 0.277 0. 101 0.456 0.577
K20+Na20 10. 10 7.03 9.05 11.61 10. 10 11.09 6.65
UNNORMALIZED RESULTS (WT. •/.):
Si02 61.26 51.95 63.76 62.87 71.03 57.45 52. 13
A1203 14.63 14.22 14.98 15.88 15. 17 14.03 10.05
Ti02 0.432 0.727 0.385 0.394 0.267 0.430 0.669
FeO 4.91 7.63 3.67 4.48 2.09 6. 12 8.30
MnO 0.114 0. 134 0.096 0.098 0.045 0.116 0. 163
CaO 4.43 9.62 4.22 3.24 1.71 4.31 7.37
MgO 5.40 9.09 4.75 3.10 1.03 6.77 15.03
K20 5.65 4.09 5.08 6.67 4.77 7. 13 4.51
Na20 4.63 3.01 4.08 5. 19 5.50 ■ 4.05 2.21
P205 0.333 0.521 0.249 0.283 0. 103 0.460 0.583
TOTAL: 101.789 100.992 101.27 102.205 101.715 100.866 101.015
TRACE ELEMENTS (PPM) •
Ni 151 75 106 72 34 191 436
Cr 243 288 233 114 33 241 826
Sc 14 26 1 I 9 6 14 25
V 108 179 86 95 36 129 155
Ba 2966 1685 2174 2645 1649 2680 1882
Rb 163 175 131 165 115 228 155
Sr 1271 927 994 1065 585 1131 624
Zr 269 112 171 266 169 245 124
Y 23 21 18 25 14 21 19
Nb 14.0 7. 1 11.3 15.8 11.8 16.0 9.0
Ga 12 15 15 15 16 15 13
Cu 37 53 22 38 38 54 61
Zn 72 71 79 61 34 71 78
Rock Name (3A) ck.-S58 ck.-S16 (1) '(3) <3A) 12!(3A)Sample: BP-S58 ♦BP-S59 *BP-S60 BP-S61 BP-S62 BP-S63 BP-S65
NORMALIZED RESULTS <WT. 7.):
Si02 61.97 61.73 50.91 56.52 53.68 55.64 59.50A1203 15. 16 15.25 10.77 18.51 13.29 14.48 19.77Ti02 0.471 0. 474 0. 970 0.745 0.875 0.801 0.817FeO 5.26 5. 25 9.69 6.50 8. 66 8.21 4.05MnO 0. 108 0. 108 0. 181 0. 130 0. 156 0. 157 0. 083CaO 3.69 3.69 9.40 4.20 7.99 6.46 0.76MgO 2.11 2. 18 9.31 2.96 5.55 4.72 0.50K20 5.63 5.67 6.34 5. 17 6.37 5.30 14.01Na20 5. 19 5.25 1.45 4.85 2.57 3.53 0.45P205 0.413 0.410 0.975 0. 438 0.848 0.693 0.077K20+Na20 10.82 10.92 7.79 10.02 8.94 8.83 14.46
UNNORMALIZED RESULTS (WT. %)
Si02 62. 10 61.87 51.73 57.70 54.23 56.08 59.86A1203 15. 19 15.28 10.94 18.90 13.43 14.60 19.89Ti02 0.472 0.475 0.986 0.761 0.884 0.807 0-822FeO 5.27 5.26 9.85 6.64 8.75 8.28 4.07MnO 0. 108 0. 108 0. 184 0. 105 0. 158 0. 158 0.083CaO 3.70 3.70 9.55 4.29 8.07 6.51 0.76MgO 2.11 2. 18 9.46 3.02 5.61 4.76 .50
K20 5.64 5.68 6.44 5.28 6.43 5.34 14.09
Na20 5.20 5.26 1.47 4.95 2.60 3.56 0.45
P205 0.414 0.411 0.991 0.447 0.857 0,699 0.077
TOTAL: 100.204 100.224 101.601 102.09 101.02 100.79 100.60
TRACE ELEMENTS (PPM):
Ni 22 22 176 26 39 35 4
Cr 34 35 307 58 101 102 2
Sc 15 11 33 8 30 24 2
V 130 127 229 153 217 186 113
Ba 2370 2441 3637 1775 2815 2366 9064
Rb 152 151 163 162 179 149 564
Sr 818 832 1199 1062 1027 904 930
Zr 197 196 136 179 141 167 88
Y 22 22 26 17 23 24 19
Nb 15.9 17.2 9. 1 19.6 11.4 13.0 16.6
Ga 16 17 12 20 14 18 16
Cu 40 45 64 72 11 20 31
Zn 72 74 91 82 92 92 52
Pb 35 24 29 16
La 37 38 32 8
Ce 52 32 ■ 67 0
Th 10 2 6 3
Roc k Name‘ *(3) (5) <3A) (3A) (4)Sample: BP-S67 BP-S68 BP-S69 BP-S70 BP-S71
NORMALIZED RESULTS (WT. 7.) :Si02 47. 19 45. 16 62.22 57. 12 51.55A1203 10.85 5.69 15.04 14.94 12.29Ti02 1.294 4.361 0.410 0.518 0.997FeO 12.30 8.84 4. 14 6.43 10.06MnO 0.209 0. 153 0. 123 0. 119 0. 182CaO 10.50 15.68 3.32 5.27 9.61MgO 7.74 15.72 1.96 5.61 8.23K20 7.26 4.23 8.73 5.79 2.68Na20 1. 12 0.58 3.78 3.77 3.75P205 1.533 2.588 0.278 0.441 0.659K20+Na20 8.38 4.81 12.51 9.56 6.43
UNNORMALIZED RESULTS <WT. %)
Si02 47. 13 44.86 62.94 56.62 51.44A1203 10.84 5.65 15.21 14.81 12.26Ti02 1.292 1.352 0.415 0.513 0.995FeO 12.28 8.78 4. 19 6.37 10.04
MnO 0.209 0. 152 0. 124 0. 118 0. 182
CaO 10.49 15.58 3.36 5.22 9.59
MgO 7.73 15.62 1.98 5.56 8.21
K20 7.25 4.20 8.83 5.74 2.67
Na20 1. 12 0.58 3.82 3.74 3.74
P205 1.531 2.571 0.281 0.437 0. 658
TOTAL: 99.87 99.35 101.15 99. 13 99. 78
TRACE ELEMENTS (PPM):
Ni 30 149 35 151 68
Cr 51 410 53 243 343
Sc 35 45 6 16 36
V 314 187 108 143 265
Ba 4052 4929 3399 3483 2060
Rb 357 114 • 252 172 95
Sr 1274 1228 1023 645 759
Zr 106 93 257 193 130
Y 31 23 22 23 24
Nb 6.9 4.8 18.9 13.5 10.3
Ga 14 6 20 14 16
Cu 65 41 47 13 74
Zn 130 71 90 86 100
Pb 60 7 54 44 19
La 54 64 51 40 37
Ce 51 80 59 53 30
Th 2 3 23 16 6
(5)
*0 - 1 1 2
43.84 
5.90 
1.08 
6.95
0.09
17.84 
15.00
2.76
1. 17 
2.63 
3.93
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♦Note- Sample 0-112 is a biotite pyroxenite from Rocky Boy Stock, pub­
lished in: Pecora, W.T., 1940, Petrology and Mineralogy of the Western 
Bearpaw Mountains, Mt: PhD thesis, Harvard Univ., 287 p.
ANALYTICAL RESULTS Updated: 4-13-80; 2-10-89
Rare Earth Elements (ppm) and Chondrite-normalized (C.H.) results 
Laboratory: Washington State University. Pullman. Wa.# 99163
KEY TO ROCK NAMES;
<I) Lat i te/Monzoni te
<2> Plag. Shonkinite/volc. slionk
(3) Shonkinite/volc. Shonkinite
(4) Feldspathoid Shonk/volc. Slionk 
(5> Clinopyroxenite
(2a) Plag. Syenite/Plag. Trachyte
(3a) Syenite/Trachyte
(4a) Feldspathoid Syenite/Phonolite
Rock Name (3a) (5) (3) (4) (3) (4) <i> (3) (3a)Sample: BP-S12 BP-S14 BP-S16 BP-S24 BP-S27 BP-S39 BP-S44 BP-S56 8P-SS8
RARE EARTH ELEMENTS (ppm):
La 34.60 59.37 37.53 26.35 22.21 22.50 27.20 29.44 35.19
Ce 66.52 113.53 77.38 55.18 45.70 46.97 50.60 55.44 67.02Pr 7.10 13.17 8.90 6.64 5.48 5.45 5.28 5.73 6-92
Nd 30.71 56.96 39.50 29.35 24.04 24.82 22.21 24.20 28.20
Sm 6.48 11.25 7.04 6.10 5.04 5.42 3.94 4.69 5.93Eu 1.82 3.05 2.26 1.80 1.53 1.51 1.17 1.31 1.51Gd 7.77 9.95 7.36 6.12 4.89 5.93 4.03 4.77 6.62Dy 9.50 5.18 4.26 3.86 2.89 5.58 2.08 3.27 8.49Ho 2.16 1.00 0.87 0.79 0.60 1.24 0.66 0.74 1.93Er 6.74 2.43 2.13 1.96 1.49 3.65 1.80 2.08 6.22Yb 6.51 2.30 1.84 1.83 1.39 3.57 1.82 2.07 6.12Lu 0.05 0.33 0.27 0.26 0.18 0.47 0.27 0.32 0.83
RARE EARTH ELEMENTS (C.N. ):
La 104.8 179.9 113.7 79.9 67.3 68.2 82.4 89.2 106.6Ce 76.9 131.2 89.5 63.8 52.9 54.3 58.5 64.2 77.5Pr 58.2 108.0 72.9 54.4 44.9 44.7 43.3 46.9 56.7
Nd 48.8 90.4 62,7 46.6 38.2 39.4 35.2 38.4 44.0
Sm 31.9 55.4 38.6 30.0 24.8 26.7 19.4 23.1 29.2Eu 23.6 39.6 29.4 23.4 19.9 19.6 15.2 17.0 19.6
Gd 28.2 36.2 26.8 22.2 17.8 21.6 14.7 17.3 24.8
Dy 27.8 15.1 12.5 11.3 8.5 16.3 8.4 9.6 24.8Ho 28.4 13.2 11.4 10.4 7.9 16.3 8.7 9.7 25.4Er 30.0 10.8 9.5 8.7 6.6 16.2 8.0 9.2 27.6Yb 29.6 10.5 8.4 8.3 6.3 16.2 8.3 9.4 27.0
Lu 25.1 9.7 7.9 7.5 5.4 13.9 8.0 9.3 24.4 w
APPENDIX III
Variation diagrams with sample numbers. Shonkinite =closed squares, 
syenite =open squares, latite «diamonds, pyroxenite «crosses.
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APPENDIX IV 
PEmOGRAPHY OF CHEMICALLY ANALYZED SAMPLES
Mineralcgy of chemically analyzed samples. Sample locations are 
given in Appendix V.
l7 -
BP-S2 PORPHYRITIC QUARTZ LATITE 
*25-30 % phenocrysts/nongroundmass grains
SALIIE 6-7^ pale green; euhedral ; normal zoned 
BIOTITE 4-5% brown subhedral laths; resorbed 
PLAGIOCLASE 10-15% 1 mm; zoned; albite/pericline twins
QUARTZ 7-10% interstitial; veinlets and aggregates
MAGNETITE tr. alteration product in pseudomorphs
QUARIZ-4ÎICH LITHIC FRAGMENTS 5%
Phenocrysts of large gl omeroporphyr itic plagioclase, sal ite, and 
biotite in a feldspathic groundmass (sanidine, plagioclase, clay- 
altered mafics). Few rounded clinopyroxene + biotite + magnetite 
+ hypersthene(?) pseudomorphs. Estimated total maf ics of 15 
percent.
BP-S6 PœPHYRinC QUARTZ LATITE 
*35-40 % çhenocrysts/nongroundmass grains
BIOTITE 5% brown resorbed laths, reaction mineral 
PLAGIOCLASE 20% 2-7 mm; euhedral : internal ly resorbed
SANIDINE 5% perthitic
? HASriNGSITE 5% skeletal ; altered to carbonate + biotite + 
magnetite
CARBCa^IE 3-5% alteration mineral; pseudcwDrphs 
CHLCRITE 2-3% alteration mineral; pseudomorphs 
MAGNETITE 1-2% alteration mineral ; pseudomorphs
Large g 1 omeroporphyritic plagioclase, minor biotite laths, and 
pseudomorphs of bastingsite and/or salite in a very fine-grained 
felsic groundmass. Pseudomorphs, consisting of carbonate with 
subordinate magnetite and chlorite, are elongate or equant (6- 
sided). Estimated total mafics of 10-12 percent.
BP-S8 VOLCANIC SHONKINITE
*40-45 % phenocrysts/nongroundmass grains
SALIIE 20% subhedral; resorbed
BIOTITE 17% red-brown resorbed phenocrysts (5-7%); greenish 
reaction mineral and smaller groundmass laths (10-13%)
NEPHELINE 3-4%
MAGNETITE 2% alteration mineral in pseudomorphs ; coring biotite
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CARBONATE 1-2% alteration mineral 
lEüINGSITE 2% pseudomorphing olivine 
APATITE tr.
LrniC FRAGMENTS 3-4%
Moderately altered rock. Sal ite and lesser biotite phenocrysts 
in a greenish feldspathic groundmass. Abundant altered lithic 
fragments consisting of relic clinopyroxene grains, carbonate and 
unidentified mafic needles. About 5% euhedral pseudomorphs of 
equant olivine (up to 3.5 mm) contain a core of interpenetrating 
biotite and/or iddingsite, magnetite, and carbonate grains rimmed 
by large tangentially oriented biotite laths and lesser 
clinopyroxene. A second less atundant group of pseiidomorphs 
exhibit similar morphology but consist of small clinopyroxene and 
biotite grains. Estimated total maf ics of 48 percent.
BP-S9 QUARIZ-BEARING LATITE
*25-30 % phenocrysts/nongroundmass grains
SALITE 10% euhedral; some resorbed cores; zoned
BICTITE 7% embayed; internally resorbed; alteration mineral
PLAGKXLASE 10% rounded; resorbed
SANIDINE 5% anhedral: locally perthitic
QUARTZ 5% anhedral patches
MAGNETITE 2-3% alteration mineral associated with biotite &
clinopyroxene
APATITE tr.
SPHENE tr.
Fine-grained; gl omeroporphyr itic. Sal ite, biotite. plagioclase. 
and sanidine phenocrysts in fine-grained felsic matrix. All 
phenocrysts are resorbed or embayed in varying degrees. 
Pseudomorphs (composed of biotite. magnetite and clinopyroxene) 
similar to BP-S8 above. Estimated total maf ics of 17-20 percent.
BP-SIO QUARTZ-BEARING LATITE
*30-35 % phenocrysts/nongroundmass grains
SALITE 8-10% euhedral/subhedral phenos & rims on aeririne-augite 
ABGIRINE-AUGITE 5-7% pale green to grass-green (aegirine) ; 
resorbed phenocrysts, often rimmed by sal ite
BIOTITE 10-15% resorbed laths; with chlorite as alteration 
mineral
PLAGIOCLASE 5% 2 mm; rounded; clay altered
QUARTZ 5-7% interstitial 
APATITE 1-2%
C3\RB0NATE 2% alteration mineral in pseudomorphs with chlorite 
CHLCRITE tr. alteration mineral in pseudomorphs with carbonate
Porphyritic; 0.5 to 2 mm clinopyroxene, biotite, and plagioclase
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phenocrysts in a cloudy felslc matrix. Two pyroxene populations. 
Unusual zoning in the pyroxenes in that the salite rims aegirine 
and aegirine-augite. Few pseudomorphs composed of carbonate, 
chlorite +/- biotite. Estimated total mafias of 30 percent.
BP-Sll MAFIC OLIVINE-PSEÜDOUEÜCITE SHONKINITE
OLIVINE 12-15% corona of greenish biotite 
SALITE 40% weak normal zoning
BIOTIIE 10-12% mainly large poikilitic brown grains; minor 
reaction rim on olivine
PSEUDOLEXJCITE 35-40% 3 potash feldspar: 1 nepheline
APATITE 2%
MAGNETITE 1-2% reaction mineral with biotite 
CARBONATE 1% small patches in pseudoleucite
Massive, medium-grained. Equidimensional grains of olivine, 
salite and pseudoleucite poikilitically enclosed by biotite. The 
biotite + salite + olivine grains tend to cluster around 1-3 mm 
pseudoleucite masses. Similar to BP-S20. Estimated total mafics 
of 60 percent.
BP-S12 TRACHYTOIDAL MAFIC SYENITE
SALITE 6-10% embayed; subhedral/euhedral ; irregular cores
AEGIRINE 4-5% rims irregular colorless salite cores
BIOTITE 7-10% brown
SANIDINE 70% perthitic
ANALCIME 5-6% anhedral
MAGNETITE 4-5% subhedral cubes
APATITE 2% inclusions in salite
SPHENE tr.
Subparellel sanidine laths up to 1 cm dominate slide. All other 
grains are small and interstitial to feldspar. Mafic grains 
commonly form symplectic intergrowths. Estimated total mafics of 
25 percent.
BP-S14 BIOTITE PYROXENITE
SALITE 60-70% colorless to pale yellowy-green at margins 
BIOTITE 15% brown; poikilitic; some bent 
POTASSIUM 10% perthitic; interstitial to salite 
APATITE 3-4%
SPHEME 1%
CALCITE tr. interstitial
Equant salite in grain-to-grain contact dominates the slide. 
Feldspar is mainly concentrated in one area. Biotite (and patchy
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aegirine-augite) ccmpxDnentg ai'̂  late: Estimated total mafics of 
85 percent.
BP-S16 OLIVINE SHONKINITE
OLIVINE 7-10% embayed: prominent reaction rims of Iddlngslte,
biotite, magnetite +/- hypersthene
SALITE 30-35% euhedral; oscillatory zoning: thin aegirine rims
AEGIRINE 1-2% thin rims on salite
BIOTITE 15% mainly brown subhedral laths: somewhat poikilitic
and Interstitial: minor reaction product; 2% are phenocrysts 
SANIDINE 45-50% simple twins; locally mlcroperthltlc 
HYPERSIHENE 3-4% tiny Interlocking grains around olivine 
MAGNETITE 3-4% reaction mineral rimming olivine 
APATITE 1%
Fine-grained, Inequlgranular; Qnbayed olivine phenocrysts,
euhedral to subhedral salite and biotite grains, and weakly 
oriented. Interlocking sanidine laths. Olivine always has a 
reaction rim: an Inner rind of fine-grained Iddlngslte +
magnetite +/- hypersthene and an outer rind of large tangentially 
oriented biotite grains with magnetite clots. Estimated total 
mafics of 55 percent.
BP-S20 MAFIC OLIVINE-PSEUDOLEÜCITE SHONKINITE 
OLIVINE 10%
SALITE 40% euhedral : weakly zoned
BIOTITE 10% brown: polkllltlc; minor flne-^alned reaction halo 
PSEUDOLEUCITE 40% round: enclosed by biotite and Interstitial 
to mafic minerals 
MAGNETITE tr.
Hiatal, medium-grained. Euhedral to subhedral salite. olivine 
and some pseudoleucite In large polkllltlc biotite. Symplectic 
growth of biotite and feldspar commonly rims salite and olivine. 
Estimated total mafics of 60 percent. Similar to slide BP-Sll.
BP-S21 MONZONITE
SALITE 5-7% euhedral; colorless 
BIOTITE 10% euhedral laths
PLAGIOCLASE FELDSPAR 30-35% normal zoned: Internally melted 
SANIDINE 40-45% large; polkllltlc; mlcroperthltlc 
MAGNETITE 4-5% euhedral cubes 
APATITE tr.
CHLORITE 2-3% Interstitial
Massive, coarse-grained, holocrystalllne rock with euhedral
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salite, biotite, magnetite, and plagioclase poikilitically 
enclosed by sanidine and lesser plagioclase. Estimated total 
mafics of 18 percent.
BP-S24 VOLCANIC PSEUDOLEUCITE SHONKINITE
OLIVINE 2-3% equant; fresh; thin oxide rim
SALITE 35-40% euhedral; normal & oscillatory zoned; 2-3 mm
PSEUDOLEUCITE 40% Ratio of K-spar to nepheline - 2:1
ANALCIME 2-3% small grains; cores some pseudoleucite
MAGNETITE 5% widely scattered with pseudoleucite APATITE tr.
CARBONATE tr. interstitial or replacing cores of pseudoleucite
Porphyritic; large, twinned salite phenocrysts (to 7 mm) and 
minor olivine phenocrysts in a fine-grained psuedoleucite and 
minor magnetite matrix. Salite grains show normal zoned cores 
and distict strong oscillatory zon^ rims. Estimated total mafic 
content of 55 percent.
BP-S25A EXTRUSIVE MAFIC LATITE 
*30 % phenocrysts/nongroundmass grains
SALITE 10-15% resorbed and skeletal
IEC)INGSITE/BICTITE 2% alteration; associated with biotite and 
carbonate
PLAGIOCLASE 7-10% euhedral; polysynthetic twinned: oscillatory 
and normal zoned
SANIDINE 2-3% phemciysts; mc>st tiny aliened (jïx̂jcTïûmss qrairis 
APATITE tr.
MAGNETITE 2-3% alteration/reaction mineral 
CARBONATE 5% alteration/reaction mineral 
CHLCRITE 1% alteration/reaction mineral
Very fine-grained. Skeletal, broken salite arid large sanidine 
and plagioclase phenocrysts in a greenish, strongly altered 
felsic matrix consisting of tiny aligned feldspar laths and 
altered mafic minerals. Carbonate + biotite/iddingsite + 
magnetite pseudcmorphing elongate grains (amphibole?). Estimated 
total mafics of 35 percent.
BP-S25B MAFIC TRACHYTE AGGLOMERATE 
*15-20 % phenocrysts/nongroundmass grains
SALITE 5-10% skeletal but euhedral ; normal zoned; distinct rim 
SANIDINE 4-5% normal zoned; simple twins; melt inclusions; 2 mm 
MAGNETITE 3-4% alteration mineral
lEOINGSITE 2-3% alteration mineral assoc, with magnetite 
CARBDNATE 5-7% alteration mineral assoc, with magnetite:
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veinlets
Moderately altered, Inhomogeneous rock with skeletal salite, 
sanidine, and 5% rectangular pseudomorphs (composed of cai'bDnate 
+ magnetite + iddingsite) in matrix of sanidine. devitrified 
glass, and altered mafics. Carbonate-filled aas bubbles are 
common. Estimated total mafics of 35 percent.
BP-S26 PORPHYRITIC QIIARTZ LATITE 
*30 % phenocrysts/nongroundmass grains
PLAGIOCLASE 10-12% Multiple twinned; equant; euhedral 
QUARTZ 7-10% interstitial; rounded phenocrysts or xenocrysts 
CARBONATE 7-10% alteration mineral 
CHLÜRJTB 4-5% alteration mineral
Altered, very fine-grained rock. Plagioclase phenocrysts and 
lath-shaped pseudomorphs composed of carbonate and chlorite are 
scattered in a cloudy felsic groundmass. Estimated total mafics 
of 10-12 percent,
BP-S27 OLIVINE SHONKINITE
OLIVINE 5% large subhedral phenocrysts
SALITE 35-40% some zoned; colorless cores with greenish-gray 
rims; about 5 % are large phenocrysts
BIOTITE 2-3% brown; interstitial & fine-grained rims on olivine 
SANIDINE 50% mainly small laths; few large poikilitic grains 
ANALCIME 4% round grains in (altered from ?) poikilitic 
sanidine 
MAGNETITE 2-3%
APATITE tr.
Massive, fine-grained rock with large olivine phenocrysts 
surrounded by evenly distributed salite grains of variable size 
(locally enclosed in poikilitic sanidine grains) and sanidine 
laths. Estimated total mafics of 50-52 percent.
BP-S35 VOLCANIC OLIVINE-ANALCIME SHONKINITE 
OLIVINE 5%
SALITE 40-45% normal-̂ zoned phenocrysts (30-35%); small
groundmass grains (10%)
BICTITE tr. reaction mineral
ANALCIME 25% numerous small round grains; iddingsite rims 
PSEUDOLEUCITE 5-10%
SANIDINE 15% fine-grained, in groundmass
MAGNETITE 5% tiny equant grains with salite in groundmass
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Salite, olivine, anal cime and pseudoleucite phenocrysts in a 
fine-grained sanidine + salite + magnetite groundmass. Rock has 
breccia texture (explosion breccia?). Estimated total mafics of 
55-57 percent.
BP-S36A ABGIRINE-PSEÜDQLBÜCITE SHC^INITE
SALITE 25% euhedral; normal zoned cores; oscillatory margins 
AEGIRINE 20% abrupt rim on salite and as tiny needles 
concentrated at margins of salite and pseudoleucite 
PSEUDOLEUCITE 55% K-spar to nepheline ratio- 2:1 ;0.5 to 3.0 mm 
MELANITE 3^%
MAGNETITE 1%
APATITE tr.
Massive, fine-grained, hypidiomorphic-granular rock consisting of 
euhedral 0.5 to 1 mm salite grains, round pseudoleucite patches 
ranging from 0.5 to 3 mm. and late aegirine needles concentrated 
at the margins of earlier grains. Textures and mineralogy 
suggest metasomatic introduction of sodium and ferric iron 
(fenitized?). Estimated total mafics of 40-45 percent.
BP-S36B LATITE BRECCIA
SALITE 5-7% normal zoned; thin dark green aegirine rims
BICTITE 3-4% rare phenocryst; interstitial to feldspar and
clinopyroxene
PLAGICKXASE 10% large; euhedral; oscillatory zoned
SANIDINE 60-70% fine zonii^ defined by melt inclusions
CARBONATE tr. alteration mineral
MAGNETITE tr. alteration mineral
CHLORITE tr. alteration mineral
Breccia with angular, monolithologic fragments of plagioclase- 
bearing rock fragments in clay-altered, intermediate, 
microcrystalline interclast matrix. Estimated total mafics of 
20-22 percent.
BP-S39 OLIVINE-ANALCIME SHONKINITE
OLIVINE 5-10% large phenocrysts; locally rimmed by fine biotite 
+ magnetite
SALITE 45-50% larger, simple twinned, oscillatory zoned 
phenocrysts (3-4%); smaller grains (42-46%)
BICTITE 5% dark brown; interstitial
SANIDINE 25-30% intergrowth with analcime; some discrete grains
ANALCIME 10-15% intergrown with sanidine
MAGNETITE tr. alteration mineral assoc, with biotite 
APATITE 1%
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Massive, medium-grained rock with large olivine phenocrysts and 
few larger salite phenocrysts surrounded by euhedral to suthedral 
salite and subhedral sanidine partially intergrown with analcime. 
Estimated total mafics of 55 percent.
BP-S42 VOLCANIC OLIVINE SHONKINITE
OLIVINE 15-20% up to 3.5 mm; rimmed by biotite + magnetite +/- 
clinopyroxene
SALITE 25% gray-green: normal zoned; some deeply embayed 
BIOTITE 6-7% poikilitic; assoc, with magnetite and
clinopyroxene in rims 
SANIDINE 50% groundmass 
PLAGIOCLASE groundmass
MAGNETITE 2% reaction mineral; replacing biotite in places 
APATITE 3-4%
Broken and whole olivine (to 3.5 mm) and salite phenocrysts, and 
minor extremely poikilitic biotite in a very fine-grained 
feldspathic groundmass. Occasional six-sided pseudomorphs 
(olivine or amphibole ?) are composed of biotite and magnetite. 
Estimated total mafics of 50 percent.
BP-S43 MAFIC LATITE
*20-30 % phenocrysts/nongroundmass grains
SALITE 4-5% skeletal
BICTITE 10% skeletal laths; minor reaction mineral 
PLAGIOCLASE 5% large; weakly resorbed; simple twinned 
APATITE tr.
CARBC^TE 5% alteration mineral assoc, with magnetite & biotite 
MAGNETITE 1% alteration mineral
Phenocrysts of plagioclase and skeletal salite and biotite in a 
very fone-grained cloudy felsic groundmass (sanidine, plagioclase 
and altered mafics). Common equant pseudomorphs composed of 
carbonate, biotite and magnetite. Estimated total mafics of 30- 
35 percent.
BP-S44 PCBPHYRITIC QUARTZ-SEARING LATITE 
*25 % phenocrysts/nongroundmass grains
SALITE 3-4% strongly embayed; altered to carbonate 
BICTITE 3-4% brown résorbé laths
PLAGIOCLASE 50-60% euhedral; albite & peri dine twins; mantled 
by lower relief feldspar
SANIDINE 20-30% mainly in groundmass; rimming plagioclase? 
QUARTZ 7-8% veinlets and interstitial patches
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MAGNETITE tr. alteration mineral 
CARBONATE 2-3% alteration mineral
Porphyritic; phenocrysts of 1-2 mm gl cmeroporphyr it i c 
plagioclase, minor sanidine, resorbed salite, and biotite in a 
clay-altered felsic groundmass. Estimated total mafics of 15 
percent.
BP-S45 QUARTZ LATITE
*20-30 % phenocrysts/nongroundmass grains
AEGIRINE 8-10% zoned; broken; euhedral
HASTINGSIIE 5% green to pale gray-green
BIOTITE 1% no phenocrysts; brown inclusions in sanidine
SANIDINE 10% Poikilitic; resorbed; tiny albite needles at rims
QUARTZ 5-7% interstitial
Phenocrysts of aegirine, hastingsite, and sanidine in a felsic, 
clay-altered groundmass composed of plagioclase, sanidine, 
quartz, and aegirine. Large, resorbed sanidine all contain 
numerous albite needles at their margins (sodium fenitization?). 
Estimated total mafics of 10-12 percent.
BP-846 QUARTZ-BEARING HASTINGSITE LATITE 
*25-30 % phenocrysts/nongroundmass grains
Mg-HASTTNGSITE 20% z- dk. green, x- olive green, Z“C* 16-18 deg 
BICTITE 3-4% bent laths
QUARTZ 7% interstitial ; w/ carbonate in irregular blebs 
CARBONATE 10% veins & irregular patches; alteration mineral 
MAGNETITE 1-2% groundmass 
HEMATITE 1-2% groundmass
Pon^yritic; euhedral, zoned, internally resorbed hastingsite and 
minor bent biotite grains in an altered very fine-grained matrix 
compose of plagioclase, semidine, quartz, carbonate, and 
magnetite. Estimated total mafics of 25-30 percent.
BP-S47 PORPHYRITIC MAFIC LATITE 
*20 % phenocrysts/nongroundmass grains
BICTITE 2% resorbed; altered to carbonate + magnetite + limonite
PLAGIOCLASE 15-20% euhedral; zoned; poikilitic
APATITE tr. one unusually large grain
CHLORITE 5% alteration mineral
MAGNETITE 5% alteration mineral
LIMONITE 2% alteration mineral
Porphyritic; phenocrysts of plagioclase and minor biotite in a
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strongly altered carbonate-rich intermediate groundmass. 
Estimated total mafics of 30-35 percent.
BP-S48 PORPHYRITIC QUARTZ-BEARING LATITE 
*40-45 % phenocrysts/nongroundmass grains
SALITE 2-3% skeletal ; often enclosed by carbonate 
BIOTITE 7-10% dark olive to pale tannish-green 
PLAGIOCLASE 15-20% rounded cores ; albite/pericline twins 
SANIDINE 10% resorbed; oscillatory zoned 
QUARTZ 7-8% interstitial and anhedral patches 
MAGNETITE 2%
APATITE tr.
CARBONATE 2-4%
Porphyritic; 1-4 mm euhedral, often glomeroporphyritic 
plagioclase and sanidine, subhedral biotite, minor skeletal 
salite in a felsic groundmass. Common equant carbonate + biotite 
pseudomorphs (of salite?). Estimated total mafics of 15 percent.
BP-S50 VOLCANIC OLIVINE-BEARING SHONKINITE 
*35-40 % phenocrysts/nongroundmass grains
OLIVINE <1% remnant in pseudomon^
SALITE 25% euhedral; normal and oscillatory zoned 
SANIDINE 2% resorbed; oscillatory zoned 
MAGNETITE 3-4% evenly distributed in tiny euhedral cubes 
APATITE tr.
IDDINGSITE 5% reaction mineral pseudomorphing olivine
Euhedral salite and a few resorbed sanidine phenocrysts ; 5% 
euhedral olivine pseudomorphs (now iddingsite). The fine-grained 
felsic groundmass consists of interlocking sanidine laths with 
minor magnetite. Noted several rounded pyroxenite inclusions. 
Estimated total mafics of 40-43 percent.
BP-S51 MAFIC QUARTZ-BEARING TRACHYTE 
*40-45 % phenocrysts/nongroundmass grains
SALITE 15-20% euhedral; oscillatory zoning
BICTITE 10% subhedral. bent laths
SANIDINE 10% large poikilitic grains (to 7 mm)
QUARTZ 3-4% interstitial 
MAGNETITE 2-3%
APATITE 1%
CARBONATE tr. alteration mineral
Fine-grained porphyry with phenocrysts of salite, sanidine. and 
biotite in a feldspathic groundmass. Equant clinopyroxene +
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biotite + magnetite + carbonate pseudomorphs (after olivine?) 
make up 5% of slide. Estimated total mafics of 25-27 percent.
BP-552 VOLCANIC PIAGKXLASE SHONKINITE
SALITE 30% resorbed; inclusions of biotite; blebs of glass 
BICTITE 20% bent; tiny embayed laths 
PLAGIOCLASE 10-20% polysynthetic twins 
SANIDINE 20-25%
MAGNETITE 3-4% reaction mineral
Massive, very fine-grained, i nequigranu 1 ar ; few (5%) larger, 
resorbed salite phenocrysts in a matrix of biotite, salite, and 
interlocking sanidine and plagioclase. Some magnetite-rich clots 
with halos of biotite and clinopyroxene. Estimated total mafics 
of 50-55 percent.
BP-S53 PORPHYRITIC LATITE
*40 % phenocrysts/nongroundmass grains
SALITE 10% euhedral; internally resorbed; aegirine rims 
BICTITE 5% dark red-brown to yellow; bent; resorbed 
PLAGICXLASE 15-20% zoned; distinct lower relief rims 
QUARTZ 3-4% interstitial and anhedral patches 
HASTINGSITE tr. resorbed; altered
HYPERSTHENE 1-2% tiny grains rimming olivine pseudomorphs 
CARBONATE 2-3% alteration mineral
MAGNETITE 2-3% alteration mineral
APATITE tr,
Porphyritic; phenocrysts of salite, resorbed plagioclase,
hastingsite, and biotite in a felsic matrix. About 5 % of slide 
consists of biotite + carbonate + magnetite + hypersthene 
pseudomorphs (of olivine) similar to BP-S16. Estimated total
mafics of 20 percent.
BP-S54 SYENITE
SALITE 15% cores of salite (50%) grade to aegirine rims (50%) 
BICTITE 4-5% brown; poikilitic; minor reaction mineral 
HASTINGSITE 3-4% z=dark brown to green, x=yellowish; interstial 
SANIDINE 65-70%
MAGNETITE 2-3%
APATITE 1%
CHLCRITE tr. alteration mineral 
7HYPERSIHENE tr.
Massive, coarse-grained, granular; interpenetrating sanidine 
laths with interstitial clusters of mafic minerals and fine-
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grained feldspar. Dahedral clinopyroxenes have subi'ounde»!
colorless salite cores and aegirine rims. Estimated total mafics 
of 20-22 percent.
BP-S55 QUARTZ LATITE
SALITE 3-4% small, colorless grains 
BIOTITE 1-2%
HASTINGSITE 4-5% skeletal; altered to carbonate + biotite + 
magnetite
PLAGIOCLASE 50% rounded multiple twinned cores with untwinned 
rims
SANIDINE 30% perthitic; zoned; also rims plagioclase 
QUARTZ 15% evenly distributed, anhedral 
MAGNETITE 1% alteration mineral 
CARBONATE tr. alteration mineral
Fine-grained; holoc^stalline; anhedral- to subhedral-granular. 
Estimated total mafics of 7-10 percent.
BP-S56 VOLCANIC OLIVINE SHONKINITE 
*40-45 % phenocrysts/nongroundmass grains
OLIVINE 8% rimmed by biotite and magnetite
SALITE 10-15% normal zoned; distinct thin aegirine rims
BICTITE 12% euhedral phenos (6%); reaction rim on olivine (6%)
SANIDINE 5-10% euhedral; poikilitic; up to 7 mm
HYPERSIHE3Œ tr. reaction mineral with magnetite on olivine
MAGNETITE 2% reaction mineral
APATITE tr.
Very fine-grained, seriate texture; broken salite. poikilitic 
sanidine. biotite. resorbed and rimmed olivine in an altered 
feldspathic groundmass. Reaction rims on olivine are same as 
described for BP-S16. The olivines (and their reaction rims) are 
poikilitically enclosed in sanidine. Estimated total mafics of 
45 percent.
BP-S57 OLIVINE SHONKINITE
OLIVINE 5-7% large phenocrysts; reaction rims 
SALITE 30% euhedral
BICTITE 20-25% mostly small, green-brown, evenly distributed 
grains (17-20%); reaction rims (5%)
SANIDINE 45% huge poikilitic grains
HYPERSIHENE tr. small grains in reaction rim around olivine 
MAGNETITE tr. reaction mineral 
APATITE tr.
IDDINGSITE 1% reaction mineral pseudomorphing olivine
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Massive, niedluitt-grained; Large ollvine phenocrysts, smal 1er 
salite and bioitite poikilitically enclosed by large,
interlocking sanidine. Olivine reaction rim same as described 
for BP-S16. Estimated total mafics of 55-57 percent.
BP-S58 TRACHYTE
SALITE 6-7% euhedral ; aegirine rims 
AEGIRINE 2-3% discrete grains; rims on salite 
BIOTITE 5-7% euhedral
SANIDINE 80% perthitic; zoned; main groundmass constituent 
SPHE2C tr.
CARBONATE 1% alteration mineral
Salite, aegirine, biotite, and large (1-3 mm) perthitic sanidine 
grains in a very fine-grained, strongly aligned feldspathic 
groundmass. Some sanidines display melted or resorbed cores 
replaced by biotite and carbonate. Estimated total mafics of 15- 
20 percent.
BP-S61 MONZONITE
SALITE 3-4%
BIOTITE 10-12%
PLAGKXLASE 40% multiple zoned 
SANIDINE 30%
MAGNEHTE 5%
APATITE 3-4%
SPHERE tr.
Massive, fine-grained, anhedral-granular texture. Mafic grains 
tend to cluster between intergrown feldspars. Estimated total 
mafics of 15 percent.
BP-S62 SHONKINITE
SALITE 25% "ratty"; resorbed; zoned; somewhat poikilitic 
BK7TITE 20% small laths evenly distributed in groundmass 
SANIDINE 50% interlocking laths in groundmass 
MAGNETITE 3-4% anhedral; evenly distributed; cores in biotite 
APATITE 2-3%
Seriate; salite phenocrysts ranging from <0.5 to 1.5 mm are 
scattered in a fine-grained matrix of equigranular sanidine, 
biotite, minor magnetite, and apatite. Occasional biotite and 
magnetite association is a possible reaction product. Mafic 
inclusions consisting of clusters of clinopyroxene + magnetite + 
biotite are common. Estimated total mafics of 45-48 percent.
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BP-S63 OLIVINE-PIAGIOCLASE-BEARING MAFIC SYD4ITE
OLIVINE 2% deeply embayed; reaction rims
SALITE 20% subhedral ; resorbed; biotite & feldspar inclusions
BIOTITE 5% dark red-brown; poikilitic; minor reaction mineral
PLAGIOCLASE 5% groundmass
SANIDINE 60% groundmass
MAGNETITE 5% evenly distributed in groundmass 
APATITE 1-2%
Phenocrysts of salite, poikilitic biotite. and embayed and rimmed 
olivine in a very fine-grained feldspathic groundmass. Similar 
to BP-S62 except less mafic minerals. Estimated total mafics of 
30 percent.
BP-S65 SYENITE
AEGIRINE 5% grades to aegrine^ugite; bladed to acicular 
BIOTITE 4% dark red-brown
SANIDINE 75% large; some perthitic; carbonate alteration 
MAGNETITE 6%
HEMATITE 2%
CARBONATE 5%
APATITE 1%
SPHEME 5%
Massive, coarse-grained rock consisting of large anhedral- 
interlocking sanidine grains to 1 cm with clots of small grains 
of aegirine, magnetite, sphene, and biotite between the sanidine. 
Estimated total mafic content of 15 percent.
BP-S67 MAFIC SHONKINITE
SALITE 35-40% grade to aegirine-rich rims; oscillatory zoned 
BIOTITE 30% strongly pleochroic black to red 
SANIDINE 35%
APATITE 1-2%
MAGNETITE tr.
Medium-grained, equigranular rock. Some biotite + salite 
clusters appear to pseudomorph equant grains (olivine?). 
Estimated total mafics of 70 percent.
BP-568 BIOTITE PYROXENITE
SALITE 55-57% euhedral to subhedral ^ ^
BIOTITE 35-37% subhedral, between salite grains; reddish-brown
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APATITE 5%
POTASSIUM FTLDSPAR 1% interstitial
Massive, mediunh-grained, equiqranular rock. Estimated total mafics of 92-95 percent.
BP-S69 SVPIITE
SALITE 10-12% euhedral/subhedral; thin "ragged" aegirine rims 
AEGIRINE 3-4% sinall grains; rims on salite 
SANIDINE 80-85%
LIMONITEyiEDINGSITE 2-3% reaction mineral assoc, with magnetite 
APATITE tr.
MAGNETITE 1% reaction mineral
Massive, very fine-grained rock consisting of salite, sanidine, 
and late, interstitial aegirine. Few biotite pyroxenite
inclusions. Estimated total mafics of 18-20 percent.
BP-S70 TRACHYTE
*30 % phenocrysts/nongroundmass grains
SALITE 10% skeletal; embayed; normal & oscillatory zoned 
SANIDINE 10% resorbed
CARBONATE 7-10% alteration product associated with magnetite 
MAGNETITE 5% alteration mineral 
MELANITE tr. pmle pink-brown
Broken and resorbed salite, sanidine, and 5 % elongate 
pseudomorphs in an altered matrix of feldsp>ar and devitrified 
glass. Similar reactions to BP-S43. Estimated total mafics of 
20-22 percent.
BP-S71 VOLCANIC OLIVINE-ANALCIME SHONKINITE 
*50-60 % phenocrysts/nongroundmass grains
OLIVINE 10% resorbed; rims of greenish biotite/iddingsite 
SALITE 30% euhedral; weakly resorbed; oscillatory zoned 
BIOTITE/IDDINGSITE 3-4% alteration mineral
ANALCIME 15% small grains; commonly form clusters around salite 
NEPHELINE tr.
MAGNETITE 2-3% evenly distributed in groundmass
Fragmental texture. Weakly resorbed euhedral to subhedral salite 
and olivine phenocrysts, and small (later) analcime grains in a 
very fine-grained feldspathic groundmass. Salite often has halos 
of tiny analcime grains. Coarse-grained and fine-grained 
olivine + clinopyroxene ultramafic inclusions common. Estimated 
total mafics of 55 percent.
APPENDIX V - SAMPLE LOCATIONS AND DESCRIPTIONS
aWPlE TYPE:
cm
fi£E
ISO
TSOvf
:Whole Rock Choaicol fkolY*** 
:R«ro Eorih El»—nt A%aly#|#
: lootcpo Aioly#im
:TKin S—ttonod Refereneo S—pie
: Reference Hand Seepie
V/i
SRMR.E TYPE :guadbangle
BPS-I - Ref :Cteweland 15’
BPS 2 - CA :Rattlesnake IS’
BPS 2e- Ref :Rattlesnake IS’
BPS-3 - Ref :Lloyd IS’
8PS-4 - Ref :Lloyd IS’
BPS-S- fief :Lloyd IS’
BPS-6 - CA/REE:Llo*̂ IS’
BPS-6 - TS :Lloyd IS’
BPS 7 - Ref :Hoyd IS’
BPS-B- CA :Lloyd IS’
BPS-B- Ref ILIoyd IS’
LOCATION
SHSESC 22. T2SN RISE 
NWSlME 26, T2SN RISE
IS. T2SH RISE 
SE»CSH IS, TZSM RISC 
MWESW IS. T2SN RISE 
SESCSH IS. T2SN RISE
SCSESH IS. T2SH RISE 
SESESH IS. T2SN RISC
8RS-9 - CA iLloyd
BPS'S - Ref :Lloyd
BPS-IO - CA :Lloyd
IS’ : rcsM»c 4. t2sn Rise 
15’ : SESWC 4. T2SN RISE
BPS
8PS-B̂PS-Oi »s-u) e«'
BPS
BPS
BPS
BPS
BPS
BPS
BPS
11 -12 - 
12**- 
12" -  
I2*|- 
12»-
13 -
14 -
14 -
15 -
16 -
CA
CA/REEI
TS
TS
TS
TS
TS
TS
OA/REE
Ref
Ref
Cm/REE
Beeery
Bowery
Bowery
Bowery 
Bowery 
Bowery V
BoweryV
Peek
Peek
PeN<
Peek
Peek
Peek
Peek
Peek
Peek
Peek
Peek
Peek
7. S’: 
7.5’: 
7. S’ : 
7.S’ : 
7.S’: 
7.S’: 
7.5’: 
7.5’: 
7.5’ : 
7.5’: 
7.5’: 
7.5’ :
96ENH 24. T2BN RISE 
SMCIC 24. T2BH RISE
SCI6RW IS. T2BN RI6E
MMISM 20. T2W RI6C
SMCSH 20. T2BN RI6C 
fMSUSE 20. T29N RI6E
DESCRIPTION OF SMPLC LOCATION :mmit sammjeot
Telue near be— of S. 
FI—t in NHerly d̂ew.
flemk of Ti 
SE flerdc T*
Butte
Butte
tLATITE
tPORm. OUPRTZ LATITE w/ 1-2% «honk, pyxenite, yneise incluotone 
tINCLUSIONS: D8I-PYR0X 2>NIN0R SHONK 3>GRANITIC GNEISS in qt»-lat
Buierop on narrow N5 ridge. 0.3 I— H of dirt r—d 
Sill-ISO o S of BPS-3 on NS ridge. 0.3 ko H of dirt roed 
Telue 0.3 ka S of BPS-3 on NS ridge. 0.4 ko H of dirt road 
Telue- top of narrow CM ridge. 0.3 ko W of dirt r—d
I SYENITE «IX be—nt (pleg-bi gneics) inelueiono
: INCLUSIONS: 2% DFOLIATEO BI-FELO GNEISS 2>BI-PYRCM in ehonkinite 
lOTZ-BEARirC LATITE - few inclueione: Dol-shork 2)B0 100% biotite 
IPORPH <OTZ> LATITE-collected inclueion fr—  «—pie (—e BPS-6-TS1 
#a— I INCLUSIONS: 1% I>0T2-0I0RITE 2>FEH GNEISS 3>fEW SHONK. in letite
FI—t-0.2 ko E of hî  pi. <4667* > CM ridge, 100 # E of BPS-6 :LGE BASEMENT GNEISS 6 SCHIST INCLUSIONS TO IS ce IN SHONKINITE
Outcr-0.3 k* E of Nigh pi. <4867’> EH ridge. 100 # E of BPS-7 : VOLCANIC WONKINITE 4-5% inclusions (»— BPS-B-RefJ
—— : INCLUSIONS: 4-5% I >GNEISS/SCHIST 2)NMF|C 3)f(H PYROXENITE in oNiofdc
(kitCl—gentle NEerly ridge just N of County r—d 
Outer-gentle NEerly ridge, about 30 e S of BPS 9
;0TZ-BEARING LATITC- I% gneiss 6 biotite rw inclusions tBPS-9-RefI 
:LGE granitoid inclusion W/ HELTEO NIRRGINS in letitels— BPS-9-CR) 
: MAFIC OTZ LATITE 1% inclusions I>60-100% biotite 2>gren gneiss
Confluence Big Sandy Or. 6 atnor N Âeinage, N side Co. r—d ISNCNKINITE OIFFERENTIATING TO SYENITE * PYROXENITE 
Outor-N side Big Sâ  Creek County roed. N of 4729’ 8.M. :NFFIC TRACHVTOlO SYENITE DIKE
—— ISNCNKINITE CHILLIN4S AGAINST 6 MIXlNG/MINGl ING W/ SYENITE
Mafic dike. 
Crumbly outer.
of NMN ridge. N aide of Big S—dy Cr. 
of steep knob. N side Big Sandy Cr
Outei—N side of 8i 
Outcr-eaddle B
:PSEUDOLEUCITE SHONKINITE (dike) cutting syeniNe 
:SYENITE W/ PCGNIATIC SEGREGATIONS (PYX MATS) 
taiOriTE PYROXENITE Rocky Boy
: SYENITE IN4TRUOINC 6 6PCCCIATING SHONKINITE 4 PYROXENITE 
Sandy Creek Co. road. 0.3 ke M of saddle lAEBIRlNG-K-SPAR PEGMATITE, radiating Ae <4c*> end K-sp (IS c 
B.M. S of Co. r—d i Just E of dirt road lOLlViNC SHONKINITE <<!% aessive pyowenite incU
Stock
APPENDIX V
SAMPLE TYPE :OUnOSPNGLE LOORTIQN
0PS-I7 - 
BPS-18 - 
8P5-ie«- 
BPS-18b- 
BPS-19 -
R*r
TS
TS
TS
TS
ry P#*k 
ry P**k 
:8oM#ry Peak 
y Peek 
y Peek
7.5
7.5
7.5
7.5
7.5
: NHSENH 28, 
: SESENH 29.
T28N R16E 
T28M RISE
: SEfCNH 29. T28N RI6E
d e s c r ip t io n  of SAMPLE LOOATIW
Ouicr-jucL NU of moddle on NM4 ridge, 0.3 ke NMI of Elk Peak 
Ck«ierop- Elk Peek 
Outcrop- Elk Peek 
(Vitcrop- Elk Peak
Mefic dike.S eide of knob on dirt reed,0.4 ke ME of Elk Pk
}IR«T SMMPLEO?
lEPFIC SYENITE, grades to ol-bearing eafic sy w/ irregular poik bi 
INRFIC SYENITE CUT 8Y PYROXENITE OIKELETS
igONKIMITE CLASTS ENCLOSED BY LATITE & CRAOING TO INTEPMEÜ RX 
I MINK FRAGMENTS H/ GRADATIONAL MARGINS. ENCLOSED BY INTERNED ROCK 
: PSEUDOLEUCITE SHONKINITE OIKE
f
s
• PSEUDOLEUCITE SHONCINITE poik bi.rare Ige bi-pyroxenite inclusion jf 
•MONZONITE PLUG lemsoid pegeatitic segregetions;eiarolitic cvities
BPS-20 - CA :Bowery Peak 7.5
8PS-21
BPS-21
CA
TS
:Bowery Peek 
:Bowery Peak
7.5
7.5
NESESE 20. 
NHM4SU 16.
T28N RI6E 
T28H RI6E
(kiter-0.5 ke NE of sharp bend in Big Sandy Creek Co. road 
ojtcrop- Bowery Peek Radio Towers
BPS-22 - TS 1Bowery Peek 7.5 SESHIC 19. T20N RI6E
BPS-23
BPS-24
Ref :Centennial Mtn 7.5 
CA/REE:Centennial Mtn 7.5
SEHESE 6. 
SESHNE 5.
T28N PISE 
T28N RISE
(kitcr-S of Co. road S confluence of Big Sandy Cr 6 N tribut. I0AR8ONATITE 
Outcrop- Centennial Mtn. Radio Tower
(kitcr 8 Mitchbaek on dirt rd 1.5 ke ME of C M. Radio T
BPS-25a- CA 
BPS-25b- CA
;Bowery Peek 
:Bowery Peak
7.5
7.5
NMN4SE 28. T29N RI6EBoadcut-M side Baawer Cr. Co. rd. O.B ka N of Breugtis Coulee
BPS-26 - CA :Bowery Peak 7.5 SUNENH 33. T29N RISEOoterop- Broughs Coulee. 0.3 ka H of Beaver Creek Rĉad
BPS-27 - CA/REE:Pocky Boy 7.5
BPS-27a- Ref :Pocky Boy 7.5
BPS-28 - TS IBearpaw Lake 7.5
BPS-ZBe- TS :Bearpaw Lake 7.5
BPS-29e- Ref 
BPS-29b- Ref 
BPS-30 - Ref
BPS-31 - Ref 
BPS 32 - Ref 
BPS-33 - Ref 
BPS-34 - TS 
BPS-34a- TS 
BPS-3S - CA
BPS-36e- cm 
BPS-366- CA
BPS-37 - Ref
:Big John Butte 7.5 
:Big John tkitte 7.5 
IBig John Butte 7.5
NHSESH 26. T3GN RISE 
MHtCMM 26. T3QN RISE 
NESUSE 23. T3QN RISE 
NESHSE 23. T30N RISE
SESENE 19. T2BN RITE 
NENU5H 20. T2BN RI7E 
NMWW 34. T2BN RITE
Outcrop- SM flank of Nuabor Ohe Mountain
Qutcr-0.7 ka SU of Radio Tower. N'ern spur of Nuaber One Mtn 
Qutcr-O.S ka S of Radio Tower. M'ern of Nuaber One Mtn 
Outer- Radio Tower, N'ern spie- of Nuaber One Mountain
Outer <plwg?)-W flank of knob, located 0.5 ka M of county rd 
Outcr-E flank of knob, located 0.3 ka ESE of BPS 29a 
Outer-Just N of County road on southern edge of N'er ly ridge
TRAFIC ANALCIME PHONOLITE AGGLOMERATE cut by felsic porphyry dike 
liOLCANIC OL-PSEUOOLEUCITE SHONKINITE
IMAFIC LATITE DIKE feeds aafic agglomerate,1% shonk 6 pyxte incl 
lOONTAM.TRACHYTE AGGLOM w/ 2% inclusion; I>bi-pyroxenite 2>shonk
IPORPH. OUARTZ LATITE w/ 1-2% inclusions: I>bi-pyroxenite 2>shenk
HKTERMEOIATE OLIVINE SHONKINITE (latite mix?)
ISMINKINITE OIKE fine-grained 
IBONKINITE fine-grained
IRAGIOCLASE-PYROXENE PE6MATITIC SEGRGATI0N5 in fine-gr shonkinite
!«.IVINE-PVP0XENE-PLAGI0CLBSE(7> SHONKINITE PLUG, intrudes latite 
•LATITE intruded by shonk lBPS-29a); bi-pyxite, gneiss, shonk incl 
:FELSIC AGGLOMERATE overlain by mafic tshonkinitic) volcanic flow
(Maddux 
!Maddux
INaddux 
• Madckix 
iMaddux
iMadckjx
(Maddux
15'
15'
15'
IS'
15'
15'
NEIMNE 23, T28N RITE 
NESESE 14. T28N RITE 
NHNUNU 13. T2BM RITE 
SESUNU 24. T2BN RITE
NEICMI 21. T2BN RI8E
Outcr-H side of E-M knob.C of Clear Cr. Co. rd ̂ d H dirt rd
(kitCl—W side of knob. Clear Cr. read.2.6 ka S Bearpaw school
Outci—E side of Clear Cr. road B intersection w/ W dirt road
(kitcr-irregular knob B head of dry gulch. 0.8 km S of BPS 31
IS' : NENUHE 20, T2BM RISE 
IS' : same
(FELSIC (LATITE?) VOLCANICS-shonkinite inclusions u/ reaction rias 
(MAFIC SHONKINITE OIKE crosscuts mafic volcanics
‘•PORPHYRITIC POTASSIC SYENITE OIKE intrudes mafic volcanic flows 
L-SHONKIMITE cut by felsic quartz-bearing <latitic?) dikelets 
same ifELSIC (LATITE?) OIKELETS cutting ol shonkinite (see BPS-34-TS1
Outcr-Saddle of narrow 1C ridge.0.4 km S of biding c« E-U rd (t-ANALCItt SHONKINITE PLUG cute latitic vole flows 6 syenite
(lECIRIME-PSEUDOLEUCITE SHONKINITE OIKE cjt latitic voIc(6PS-36bl 
•LATI1IC BRECCIA country rx cut by shonkinite dike (6PS-36a)
Oike-S side knob.0.8 km S of drt rd,2.4 ka NNH of lla-ntle 01 v 
aaae-country rx cut by aafic dike (BPS-36a>
15' : SUNENH 36. T26N RIBEOuter-top irreg knob. 0.7 ka SSE of N-lng County. (V dirt rds '.MLTERNATING MAFIC & FELSIC FLOUS mafic dike u/ felsic clasts
APPENDIX V
LA
SAMPLE
BPS-36 -
TYPE
TS
OUmOPAMGLE : LOCATION ; OESCPIPtlON OF SAMPLE LOCATION lUHAT SAMPLED?
15' : SMSHNE 9, T26N RlOEl Orainag* on S sida of Co. rd. 0.65 ka U of fork in Co. roads : WEATHERED SHONKINITE W/ ABO ULTPAMAFIC OL-PYX (MANTLE) INCLUSION
6PS-39 - CA/PEE:Warrick 7.5' : SMSHSH 16, T27N RITE! Outer-0.25 ka E of TIC POCK. 0.6 ka E of ranch buildings IOL-ANALCIME SHONKINITE.raro pyoMonit, inclusions, locally oottlad
6PS-40 - Raf : Warrick 7.5' : SMMC 19. T27M RI7E: Outer-0.7 ka SE of TIC ROCK. 1.4 ka E of Co*aitu road I LATITE
6PS-4I - TS : Warrick 7.5' : SHSMC 19. T27N RI7E: Oiko-O.3 ka S of 6PS-40 on saal I knob. I ka SSE of THE ROCK : SHONKINITE OIKE crosscuts shonk inito and latito
0PS-42
8PS-42
cm
Raf
IBaarpau Lake 
•Baarpau Laka
IVOLCANIC OL-SHONKINITE crosscuts latita & falsie volcanics 
I MAFIC MONZONITE u/ abd I ca ̂ lonkiniia and pyowanita inclusions
0PS-43 - CA IShaabo SE 7.5'! SWENE 13. T29N RI6E! CKjrcr-Cnd of saal 1 N-N ridga, N sida of Suckar Oaak Co. rd I MAFIC LATITE 1-2% granitoid yiaisS and <bi-pyoHanita inclusions
GPS-44 - CA/«EC:Rattlasnako IS* : NWSENE 34. T29N R20E: Outcr-SH sida of Suction Crack Co. road at and of MC ridga 
GPS-45 - cm iPattlasnaka 15' ! SEMENH I. T26M R2Œ! Outcr-H flank of circular knob. 0.7 ka E of county road
GPS-46 - cm IPattlasnaka IS* : HESHNH I. T26N R20E! Outer-Top of knob. 0.3 ka E of Suction Croak county road
GPS-47 - CA iPattlasnaka IS' : SESENE 2, T26N R20E. Outei—Band in Suction Craak county road, on W stda
GPS-47 - Raf IPattlasnaka 15* ! saaa I saaa
GPS-46 - CA IPattlasnaka 15' I NESWSW 1. T26N R20EI Outer-0.2 ka ME of isolated knob. W sida of Suction Craak rd
IPORPH. 0UAPTZ-6CARIM6 LATITE PLUG rara bi-pt̂ oxanita inclusim 
! OUARTZ LATITE PLUG contaainatad border xcnaT
I0UAPTZ-6EAPIMG HASTINGSITE LATITE 1% b, ptroxanita inclusions 
•MAFIC LATITE SILL dissaa sulfidas; inclusions (saa 6PS-47 raf) 
: INCLUSIONS; DSHONKINITE 2)61-PYROXENITE 3>GICISS in latita 
:LATITE u/ abd oltvina psaudoaorphs; faw bi-pî oxanita inclusions
GPS-49 - Raf IClavalj
BPS-50 - CA ILloyd
IS' I SHSESE 34. T30N PI9E: Outcr-N of county road. 0.2 ka MW of intarsaclion u/ dirt rd : INCLUSIONS: I >01-PYROXENITE 2>GRAN GNEISS j)SYENITE in shonkinite 
IS' ; NHNWSW 35, T30N RISE! Outer-Just E of county read, Taylor Divide
GPS-51 - CA !Big John Butta 7.5' ! NESWNE 4. T26N RITE!
GPS-52 - CA !Big John Butta 7.5'! NENWNE 4, T29N RI7E!
BPS-53 - CA IBig John Butta 7.5': SEMWNE 4. T26M RITE!
BPS-S4 - CA IBig John Butta 7.5' ! SWSWNW 4. T26N RITE!
BPS-SS - CA IBig John Butta 7.5'! saa#
BPS 56 - CA/PEElGmg John Butta 7.5*! SH5ENE 5. T26N RITE! 
BPS-57 - CA !B»g John Butta 7.5'! SHSESE 33, T28N RITE! 
BPS-58 - CA/PEEIBig John Butta 7.5'! MWNENW 2. T26N RITE!
!VOLCANIC olivine-bearing SHONKINITE
Oika-M sida MUTE PlIC CftiYON, lust 5 of adit ! MAFIC QUARTZ-BEARING TRACHYTE OIKE (cuts latite?)
rC'arly Oika-M side MUTE PlIC CANYON. 200 a N of adit IOC PLAG-BEARIMG SHONKINITE DIKE cuts falsie sads 6 trachyte
Outcr-N sida WHITE PINE CANYON. 350 a N of adit. NW ridgatop !E)C INTERMEOIATE PORPHYRITIC LATITE DIKE cuts falsie sadiaants 
Outcr-100 a N of WHITE PINE CANYON bottom. SW fl«* NS ridge : MOTTLED SYENITE, locally bxa. cut by latita dikafBPS-SS-CA)
same !OUARTZ LATITE OIKELETS cut aafic syenite I6PS-S4-CA) 6 shorhinita
Dike. MUTE PINE CANYON. 200 e MW of circular knob in saddle !E)C OLIVINE-SHONKINITF OIKE cuts falsie (latita?) dike
Sill-5 Sida MUTE Pitt CMfVON, B confluence u/ SE tributary !HYPCRSTHENE-OLIVINE SHONKINITE SILL in falsie mat
Outcr-E sida of Clear Craak county road.0.75 ka S of bridge ! TRACHYTE OIKE abd shonkinite inclusii
BPS-59
BPS-60
CA
CA
IDUPLICATE RUN OF BPS-56 
I DUPLICATE RUN OF BPS-16
DUPLICATE RUN OF GPS 56 
DUPLICATE RUN OF BPS-16
DUPLICATE RUN Of 8PS-56 
DUPLICATE RUM OF BPS-16
BPS-6I 
BPS-62 
BPS-63 
BPS-64 
BPS 65 
6PS-66 
BPS-67
CA IBouary Peak 7.5' !: ICMESH 29. T26NRI6E!
CA !Bowery Peak 7.5': !
CA IBowery Peak 7.5* 1 !
Raf IBowery Peak 7.5* 1; SMSENM 29. T26NRI6E!cm IBowery Peak 7.5*1 saaa !
Ref IBowery Peak 7.5' 1 saaa !
CA IBowery Peak 7.5* 1 saaa I
»"50 a S of BPS 61
E sida of peak : MONZONITE-"mottled" w/ dark (shonk) and light (aMnzonita) pat*es 
!SHONKINITE mingling u/ latita and sysnita
IPLAG-BEAPING MAFIC OLIVINE SYENITE aingling/aiwing u/ aonxonita 
Pagaatite- M slope of ELK PEMC, 75 a NH of BPS-61 :SYENITE PEGMATITE cutting syenite (6PS-6S-0AI
Outcr-tM sida ELK PEAK, flat gravelly knoll lOOa tM of BPS-61 : SYENITE
saaa IAEGIRINE OIKELETS cutting syenite
saaa !MAFIC SHONKINITE (60% total mafics)
APPENDIX V
VI
V i
_______[ ‘ OESCRIMION OF sm£ LOCATION *#AT SAMPLED?
:aoriTE PYROXENITE inclusions of 100% ##ssiv* bioitt*iOouii y Peak 7.5* : NESENM 2*, T20M RICES AoedcuL- 50 e SE of RPS-19, 0.4 k* ME of ELK PEAK
8PS-69
M̂fcfcj»* IS* S lOMC 20, T2BN RICES Oike-S side lewb,0.0 ko S of drt rd,2.4 ke NM of BOntle Die SHEMITE INCLUSION (30 co) in shonkinite dike lOPS-SEo-OAl
;-25e ft -25bl 
see 8P5-2Sel
'o«-n - S *'GE: »o«icut-M side Oeovor Creek rd,. 0.0 ke M of Oroughe Coulee :3ACMYTE-"intereediete vole flou" (seme outcrp es 5PS # l
,ors ri CM .Bowery Peek 7.5* S seme some SKLCfMIC OL-ANRLCINE SHONKINITE eost eel ic flou Ii
APPENDIX V
LnON
APPENDIX VI
Mineral analyses. Includes analyses of minerals from the Bearpaw 
Mountains rocks, and other selected Alkalic Province rocks for com­
parison. Also, whole rock analyses for shonkinites and syenites are 
given on page 159.
SAMPLT LOCATION KEY:
Highwood Mtns
BP- = Bearpaw Mountains 
= HighwOod Mountains 
= Shonkin Sag laccolith 
= Square Butte laccolith
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